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EXECUTIVE SUMMARY

Applied Research Laboratories, The University of Texas at Austin (ARL: UT) was tasked to study
the means and equipment for non-lethal methods to deter swimmers and scuba divers from restricted
areas. This work included identification and evaluation of existing technologies, as well as review of
research in security, acoustics, biology and other fields. ARL: UT has studied swimmer detection for
more than 30 years, and has developed many systems for Navy use including a CW Doppler sonar

used during the Vietnam War. 1-3 In the 1990s, ARL: UT developed several sonars for swimmer

detection, including the AN/WQX-2, 4.5 which was integrated into the Waterside Security System
(WSS) and installed at several Navy sites worldwide.

As the capability to detect swimmer threats has improved, questions about how to respond to
potential threats have arisen more frequently. Historically, grenades and small arms, as well as low
frequency active sonars, have been utilized against subsurface threats. Explosives are effective, but
lethal against threats; small arms are available to security personnel, but are also lethal weapons and
difficult to target against a subsurface threat. Shipboard low frequency sonars used for mine hunting,
anti-submarine warfare, depth sounding, and other tasks have been used because they were available
but not necessarily because they were proven as a defensive tool.

The law enforcement “use of force” continuum begins with command presence and escalates
through verbal commands to non-lethal force, and finally, to lethal force. While this report focuses
on non-lethal force options, it is important to note that deterrence can also be improved by expansion
of existing command presence capabilities: patrol boats, floating barriers, and other visible waterside
indicators that announce to potential attackers that the site is a hard target. Similarly, improved
capability for delivery of verbal commands to an approaching potential threat (such as surface public
address systems and subsurface acoustic diver recall systems) could deter some intruders. Failure of
an intruder to respond appropriately to these warnings could imply hostile intent. Security personnel
must be able to determine intent of an intruder in order to make an appropriate use of force decision.
In the absence of clear hostile intent, use of lethal force is difficult to justify.

Various technologies have been developed as non-lethal weapons for law enforcement, but most of
them are not suitable for deterring swimmers and scuba divers, because they are not designed for
subsurface use. These existing technologies, as well as equipment currently used for diver deterrence
and communication, were evaluated in this study. Underwater surface-to-seafloor barriers are
potentially effective but have extremely high cost. The use of trained marine mammals, such as exists
with the U.S. Navy’s MK6 marine mammal system, has been shown to be highly effective over many
years. However, only one of these systems is available, located in San Diego and operated by Mobile
Unit Three. The MK6 Marine Mammal System has been a fielded fleet system since the 1970’s. The
most practical near-term solution for swimmer deterrence is the use of commercially available
acoustic and explosive diver recall devices, deployed from a response boat. These solutions are only
effective when the location of the threat is known, which assumes that detection capability already
exists. Sonar remains the only method by which both surface and subsurface threats can be detected;
surface targets (depending on size) can also be detected using radars, cameras, thermal imagers or
human observers.

The most promising long-term solution for a non-lethal diver threat response is the development of
a low frequency sound source designed specifically to produce signals likely to cause discomfort in
human divers. Spark gap sound sources are an existing technology that have been used for other



underwater sound applications, but never seriously evaluated as a swimmer deterrent. A spark gap
sound source can produce high intensity, low frequency impulsive sound in a portable system
suitable for pier-side or shipboard use. A review of existing literature on the effects of high intensity,
low frequency sound on divers indicates that this type of sound may cause Bioeffects useful for non-
lethal swimmer deterrence. This device could be used as a stand-alone system, deployed pier-side or
from a response boat, or used in conjunction with swimmer detection sonar.

Future efforts in this area should focus on increased visible, floating barrier and patrol boat
presence along waterside areas, use of diver recall devices by waterside security forces, and animal
and human testing of the deterrent Bioeffects of the spark gap sound source.

This is the work of the United States Government and therefore is not copyrighted. This work
may be copied and disseminated without restriction. Many SSC San Diego public release documents
are available in electronic format at: hitp://www.spawar.navy.mil/sti/publications/pubs/index.html
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1. THE NEED FOR A NON-LETHAL RESPONSE

Interest in non-lethal weapons continues to grow 6-10 5 weapons such as pepper spray and blunt

impact munitions become commonplace in law enforcement. 11 Non-lethal weapons are particularly
appropriate for use in situations where a person (or persons) is attempting to enter a secured area to

carry out a political protest rather than a violent attack. 12 In this situation, the violator is typically
unarmed and poses no clear lethal threat, making justification of defensive lethal force more difficult
to obtain from the courts of law and public opinion. A non-lethal weapon that causes enough
temporary discomfort to stop the intruder could be used as an intermediate step between verbal

commands and use of lethal force. 13

The use of force decision becomes more complex when the subject is a swimmer or a diver
approaching a military installation. Even for those limited sites that have specialized detection
capability, the intent of the subject is difficult to assess. Rules of engagement are only useful if it is

possible to determine hostile intent. 14 For subsurface threats, visual assessment and verbal
communication are possible with specialized equipment, such as camera-quality sonar and an
acoustic diver recall system deployed from a response boat. At present, this capability is not readily
available to force protection personnel, who currently have only two options: wait for an attack to
begin, or pre-emptively use lethal force. Waiting is the “safe” response, as intrusions into military
facilities are rare, and intrusions by those intent on violence even more rare. The risk is that allowing
the attacker a first strike before making any response can have tragic consequences.

The October 2000 attack on the USS Cole (DDG-67) was not caused by a swimmer or a diver, but
it easily could have been. A typical diver can swim 100 yards in three minutes, at a one-knot pace.
Assisted by a one knot current in the right direction, that pace can double to 200 yards in three
minutes. Large standoff zones and long sonar detection ranges are essential for providing security
forces sufficient time to locate and respond to an intrusion, but in many situations, these luxuries are
not available. Clearly, a need exists for force protection personnel to have immediately accessible
non-lethal responses that can be used without the administrative, legal, moral and political burdens

associated with use of lethal force. 15-19 While this report focuses on non-lethal force options, it is
important to note that deterrence can also be improved by expansion of existing “command
presence” capabilities: patrol boats, floating barriers, and other visible waterside indicators to
potential attackers that the site is a ‘hard’ target.



2. DETECTION

The term “swimmer” is used, in this report and elsewhere, to refer to both surface swimmers and
scuba divers. While these two threats are frequently grouped together, each poses unique detection
and deterrence problems. Radars, thermal imagers, cameras, sonar and simple visual observation can
all be used to detect a surface swimmer. Many levels of response to a surface threat are possible,
from simple physical force to nets, small arms and grenades. The subsurface threat presents a more
difficult problem, because reliable detection is only possible by use of high-resolution active sonar or
Navy trained dolphins or sea lions. When seas are calm, and the diver uses open circuit scuba gear at
a shallow depth, visual observation and thermal imaging may also be used for detection. At night, in
rough, deep, warm, and/or turbid water, a diver is effectively invisible to all sensors except
mechanical or biological (e.g. dolphin) sonar or the eyes and ears of the sea lions.

A common misconception regarding swimmer detection is that passive sonar is capable of
detecting all types of swimmers and divers. Passive sonar is commonly used to listen for sounds
produced by propellers, motors, marine mammals, and anything else that makes significant noise
underwater. The use of passive sonar has been investigated at ARL: UT several times in the past.

1,4,5,20,21 [y general, swimmers and divers do not produce self-noise above the ambient noise levels
in water. 22 Open circuit scuba and swimmer propulsion equipment produce periodic noise that can
be detected and automatically classified, 21 byt unassisted swimmers, such as the intruder who

entered the British submarine base at Faslane, Scotland, in April 2001, 23 and divers using closed
circuit (rebreather) equipment, are extremely difficult to detect using passive sonar. Another
limitation of passive sonar is that it can determine only bearing and cannot provide the user with
“range to target” information. Range and bearing are both required if a response force is to intercept
the threat.

High power, low frequency sonar commonly used for anti-submarine warfare, depth sounding and
large-object detection are also poorly suited for swimmer detection. Many of the high power, low
frequency sonar aboard U.S. Navy surface ships are defined as hazardous to divers in the Navy

Diving Manual 24 and should be considered weapons rather than detection sensors.

As of this writing the AN/WQX-2 is the Navy’s swimmer detection sonar. 25 The AN/WQX-2’s
sonar parameters (beam width, frequency, transmit power, etc.) were optimized for swimmer
detection. This sonar can automatically detect, track, classify and alert on swimmer and diver targets
within its 360-degree, 800-yard coverage area. An AN/WQX-2 soundhead is shown in Figure 2.1.




Figure 2.1. AN/WQX-2 Soundhead 26

The AN/WQX-2 provides the user with the range and bearing of the detected target relative to the
sonar. When interfaced to the C3D console developed by Space and Naval Warfare Systems Center,
San Diego (SSC San Diego) for the Waterside Security System, this information is converted to a
GPS position. A sample of the AN/WQX-2’s display is shown in Figure 2.2, with a swimmer track
(#482) displayed in red. The sonar tracks all moving objects in its coverage area, including fish
schools, marine mammals, drifting debris and bubbles from boat wakes. It uses a complex set of
track analysis heuristics and image classification algorithms to separate these nuisance tracks from

tracks produced by swimmers and divers.




Figure 2.2. AN/WQX-2 Swimmer Track 26

Other swimmer detection sonars are currently in development or production by commercial
companies as well as foreign governments. These sonars vary widely in cost, size, availability, and
performance. As part of the Navy’s Waterside Security System (WSS) project, SSC San Diego
continues to survey the swimmer detection sonar market to remain aware of the capabilities and
status of currently advertised models. Lower operating frequencies provide longer detection ranges
but require larger soundheads. Higher frequencies limit maximum detection range but result in
smaller, more portable soundheads. As part of the ongoing market survey, SSC San Diego and ARL:
UT will evaluate several commercial high-resolution portable sonars to determine whether their
swimmer detection capabilities can be improved by real time interpretation of their data by automatic
processing software developed for the AN/WQX-2. The smaller soundheads will not have coverage
areas or alert ranges as large as that of the AN/WQX-2, but they may offer acceptable performance
for those users willing to trade reduced response time and coverage area for portability.

Subsurface threats occur in a three-dimensional space (latitude, longitude, and depth), but no depth
information is needed for a surface swimmer threat. Currently, no swimmer detection sonar
(including the AN/WQX-2) provides depth information to the operator, and depth cannot be
determined through visual observation. It is possible that an inexpensive fish finding sonar could be
used aboard a patrol boat to determine depth of an identified diver, but this concept has not been
demonstrated as of this writing. Without an accurate three-dimensional location for the target, it is
difficult to effectively use short-range, non-lethal weapons that are often used against land-based
targets. The specific limitations to application of existing, non-lethal weapons to swimmer deterrence
will be discussed in a later section.

One other technology worthy of consideration is passive millimeter wave detection. 27 These
detectors are similar to infrared imagers, except that they receive signals in the 27-100 GHz band and
are unaffected by ambient temperature. These sensors are only useful for detection, not as a weapon,
but they may provide an enhanced capability to detect surface swimmers at night. Because surface
swimmers travel along the air-water boundary, their target strength for sonar, radar, visual and
infrared sensors is degraded particularly in high sea states. It may be possible to build a simple
“beam break” detector based on a passive millimeter wave sensor with a broad beam and a threshold
circuit that alarms when a body that radiates millimeter waves, such as a human, passes within the




beam. However, until testing is performed to measure detection range of surface swimmers using
passive millimeter sensor, the feasibility of this idea cannot be assessed.




3. SEARCH PARAMETERS

The search for a suitable non-lethal swimmer deterrent device was bounded by several parameters.
The device should cause discomfort, pain or temporary injury. Permanent effects such as deafness,
blindness, maiming and crippling were considered unacceptable. Ideally, the device would have an
adjustable power level, take effect quickly, and require minimal training for the operator to safely
use. The device would also be practical with regard to size, cost, and the probability that it could be
integrated into existing equipment, capabilities and tactics for force protection. The ideal device
should be practical for both harbor and shipboard use, and be useful even if swimmer detection sonar
is not available to provide the swimmer’s location.

The most difficult search parameter was that the devices rely on a well-documented Bioeffect that
would produce consistent results in nearly all individuals. Pepper spray (Oleoresin capsicum) is

widely considered an effective non-lethal weapon, 28-30 yet many law enforcement training
programs now require officers to be sprayed with pepper spray and perform follow up tasks such as

punching a heavy bag for several minutes. 31-32 This training is intended to enhance the officers’
understanding of the effects of pepper spray and demonstrate that a determined attacker may be
capable of continuing to fight after being sprayed. In addition, a small number of fatalities have

occurred from law enforcement use of “safe” technologies such as pepper spray 30,33-37 and “bean
bag” impact munitions. 31

In contrast, handgun rounds are universally accepted as lethal force, but the actual survival rate for
handgun shootings is surprisingly high. Less than one-third of people shot with handguns die from

their wounds 38-40, These facts are mentioned only to remind the reader that all weapons, including
non-lethal ones, have practical limitations and are not 100% effective against all targets in all
situations. The mindset, determination, and pain tolerance of the attacker can limit the effectiveness

of any weapon, lethal or non-lethal. 41 The terms non-lethal, less-than-lethal, and less-lethal have all
been used to describe weapons designed to cause temporary injuries. The authors prefer the term less
lethal to non-lethal, because it reminds the user that fatalities can occur from the weapon’s use. Less-
than-lethal may be more grammatically correct, but is cumbersome. The term “non-lethal” is most
commonly used within the military community, and that term will be used throughout the remainder
of this report.

Identifying a “safe” non-lethal weapon is difficult, because the underwater environment is an
inherently hazardous one. Any time a diver’s physical or mental state is impaired, there is a risk that

the diver could suffer serious injury as a result. 42 It is important to note that there is a reasonable
probability that any non-lethal weapon used against a scuba diver could cause death as a secondary

consequence of the weapon’s effects. 43:44 Potential users of non-lethal weapons against swimmers
should be prepared to render medical aid for a variety of dive emergencies including drowning and
decompression sickness caused by rapid ascension. Ideally, basic training in diver first aid should be
incorporated into any training related to use of non-lethal swimmer deterrent devices.



4. EXISTING IN-AIR APPROACHES

A variety of technologies are used for other non-lethal responses, including “soft” projectiles,
chemical agents, restraints, physical force, electrical devices, and sound- and light-producing
devices. The next sections discuss the applicability of these known approaches to swimmer
deterrence.

4.1 PROJECTILES

Non-lethal projectiles take a variety of forms, from “bean bag” rounds to rubber bullets to “pepper
balls” made from a chemical agent. The projectiles are designed to be fired from a variety of existing

platforms, including shotguns, grenade launchers, and tear gas guns. 8,11,45-47 I a]l cases, this
technology is not suitable for swimmer deterrence. Delivery of these munitions requires precise
targeting and accurate shooting, neither of which is feasible against a moving, subsurface target at
unknown depth and changing range. Additionally, no known data exists about the specific ballistics
of non-lethal projectiles fired from air into water, and what effect the denser, frequently turbulent
medium would have on velocity, accuracy, and general performance of those projectiles against a
waterborne target. The most likely effects would be a dramatic reduction in velocity, and that waves
and current would cause the projectiles to veer off course.

Figure 4.1. Non-Lethal Munitions 48

4.2 CHEMICAL AGENTS AND ELECTRICAL DEVICES

Chemical agents are widely used as non-lethal weapons because in air, they can cover a wide area,
have temporary effects, and are easily deployed. Pepper spray used against a surface swimmer,
would result in risk of death by drowning (as a result of breathing problems induced by the pepper
spray) if the swimmer was not quickly rescued from the water. Another significant outcome is the
possibility that the chemical agent would have little effect on the swimmer, since flushing the subject
with large quantities of fresh water is the primary decontamination process for exposure to pepper
spray. 30,35-37 Against subsurface targets, chemical agents, particularly those in gaseous form, will
have no effect because the divers have their own breathing apparatus. Chemical agents, in gas or
liquid form, do not dissipate in water easily and cannot be easily delivered to a target at unknown
depth. Electrical devices currently used as non-lethal weapons are close range or contact devices such

as stun guns and tasers. 49-52 These devices are not practical as swimmer deterrents because of the




difficulty in targeting these weapons to the threat. Even the most likely application, the firing of a
taser from a patrol boat at a surface swimmer, has minimal chance of success.

Figure 4.2. M18 Taser Weapon 93

The taser works by firing wires (with barbed ends) into the subject, providing an electrical
connection between the taser and the subject. Eighteen watts, 133 milliamperes and 50,000 volts of
electricity applied to the subject cause electro-muscular disruption. The M18 Taser, shown in Figure

4.2 and Figure 4.3, has a maximum range of fifteen-feet. 53 This range limitation would require the
patrol boat driver to keep the boat no more than fifteen-feet from the surface swimmer before, during
and after the taser is fired. If the fifteen-foot limit is exceeded, the electrodes lose contact with the
subject and could fall into the water, short-circuiting the taser. The taser also puts the subject at
immediate risk of drowning. Personnel would have to be prepared to take lifesaving action after the
taser was fired. At best, the taser is only a reasonable solution in a very special combination of
circumstances, and is not a general-purpose solution.

Figure 4.3. Taser Demonstration 3

4.3 PHYSICAL FORCE

The simplest form of non-lethal force is physical restraint such as unarmed techniques applied by
force protection personnel against individuals. This approach could be used for swimmer deterrence
if the general location of a subsurface threat was known. For unarmed defense to be successful,
multiple divers would be necessary to search a volume of water. Determining the location ofa
subsurface threat requires a three-dimensional search in a typically low-visibility environment. A
diver threat swimming in at a depth of 40 feet could easily be missed by a diver searching at a depth
of 10 feet. A handheld sonar, such as the AN/PQS-2 (A), ARL: UT Integrated Navigation Sensor

System 20 (INSS) or APL:UW high-resolution acoustic lens 54 could be used to assist divers in

10



target location. Each of these sonars is currently in use by Navy diving activities for mine hunting
and other small object location tasks.

If the response divers were to make contact with the intruder(s), the response divers could attach
an inflatable flotation device or a similar device to the intruding divers. It is also very likely that the
responding divers have to engage in underwater hand-to-hand combat that could quickly turn from
application of restraints, to lethal combat, due to the risk of drowning and high probability that one or
both divers would have a dive knife easily available as a weapon. The cost and logistics associated
with having a dive team on continuous standby for immediate deployment, combined with the low
probability that the divers would make contact with the intruder makes this option impractical.

Figure 4.4. Diver Using INSS Handheld Sonar 20

The U.S. Navy’s MK6 Marine Mammal System uses the natural sonar of dolphins to locate objects
from mines to swimmers and divers in the water column. This system can detect and mark the
location of an intruder. This system was deployed to Vietnam in 1970-71, the Persian Gulf in 1987-
1988 and was also tasked to provide security in San Diego harbor during the 1996 Republican
National Convention. The Space and Naval Warfare Systems Center, San Diego (SSC San Diego),
provides support for this system with replenishment dolphins, hardware, training, personnel and
documentation (ref. 55). However, there exists only one fielded MK6 Marine Mammal System so
availability to several locations simultaneously is limited.

11




Figure 4.5. Marine Mammal 56

Underwater remotely operated vehicles (ROVs) are yet another alternative means of force. An
ROV can be equipped with a camera or imaging sonar to provide additional detection, classification,
and localization information about the intruder, and the ROV could also be used to harass and pursue
the diver within the limits of the ROV’s tether. The primary limitation of an underwater ROV is the
need for a tether, which mandates that it either operate close to a pier, or launch from a craft large
enough to support the ROV and its umbilical cable. Significant improvements have been made in the
development of underwater “modems” that could enable development of wireless controls for
underwater ROVs. Typical commercial telesonar modems have a maximum data rate of 2400 baud

57 in ideal conditions, which is insufficient to provide the operator with real-time video updates.
Because of the limitations of sound transmission underwater, data rate decreases and error rate
increases as the distance between the transmitter and receiver increases. At present, the technology
for a practical, wireless underwater ROV does not exist in the commercial environment.

12



Figure 4.6. Underwater Remotely Operated Vehicle 58

An underwater ROV could have value both as a swimmer localization and identification tool and a
possible deterrent, but the deterrent value is negated if the ROV can be easily outmaneuvered,
outpaced, or damaged by a human diver equipped with nothing more than a diving knife. Small

autonomous ROVs, such as those in development for DARPA on the Microhunter program, 59 might
be deployable from a response boat or a pier. The Microhunter ROVs are intended to work in groups
to search an area or locate objects.®0 An internal research program at ARL: UT has also developed a
low-cost autonomous underwater vehicle capable of navigating a pre-programmed course.61 The
problems of how these small ROVs would determine the depth of the diver threat, and what payload
the ROVs could carry to deter the diver(s) would have to be solved in order to make this technology
a viable solution.

Figure 4.7. Small Autonomous Underwater Vehicle 61

A surface ROV, such as the OWL (also known as the Unmanned Harbor Security Vehicle), 62
could operate without a tether. However, without the capability to operate at the same depth as the
attacking diver, a surface ROV’s ability to deter an approaching subsurface threat is virtually nil. All
types of ROVs have high annual costs and require maintenance and operator training. Another
weakness in this approach is the inability to deal with a multiple diver, multiple approach problem. A
single ROV would only be able to deal with a single threat (single diver or dive pair) at a time. The
U.S. Navy’s MK6 Marine Mammal System, operating with superior mobility, speed, and natural
sonar is capable of deterring multiple threats in a short time. Again, however, since only one of these
systems exist, availability of this system may be limited, and dependent upon military priorities. The
mammal must deal with each threat one at a time, which limits the number of threats that can be
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deterred in a short period. The diver recall and acoustic based approaches described in later sections
can affect a large volume of water, which would deter all divers within that area simultaneously.

Figure 4.8. OWL Surface ROV 62

4.4 RESTRAINTS

The use of barriers and nets to block underwater access to secured areas is another alternative to

deter swimmers and divers from entering a protected area. 63 Fixed barriers are a stand-alone system
in that no precise detection/localization system is required. The barrier prevents access and produces
an alarm when cut, which provides the response force with the diver’s location. A Swedish company,
Safe Barrier Systems (SBS), a division of NCC Stockholm, has developed a barrier system for
swimmer deterrence. The company has fielded systems in Saudi Arabia, in Sweden, and in Florida at
the Florida Power and Light Co. nuclear generator just north of Palm Beach at Port St. Lucie,

Florida. The British Navy recently evaluated this system 64 The Safe Barrier net system consists of
8mm diameter galvanized high tensile steel cable, coated in polyethylene for electrical integrity and
polyurethane jacket for physical resistance against abrasion. The continuous cable is jointed using
molded steel reinforced with polyurethane to form a mesh grid. The grid size best suited for swimmer
deterrence is 250 x 250mm. Testing performed by U.K. researchers indicated that a diver using bolt
cutters could form a human-sized hole in 60-90 seconds.
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Figure 4.9. Barrier example 63

The Safe Barrier net can be constructed to provide a number of detection zones, which can be
interfaced with a site wide alarm system. Testing indicated that a bypass loop could be used to allow
an intruder to make undetected cuts in the net. The zones are typically 50 yards wide by the full
depth, which could be as deep as 100-200 feet in some locations. Even in very shallow water
(maximum depth of 40 feet or less), there is a large volume of water to search for a diver or an ROV
to search, particularly if the visibility is poor. The net is held down to the seafloor by the use of
concrete blocks. Depending on bottom type, it might be possible for a diver to slip under the net. The
net is supported at the surface by cylindrical buoyancy units of 600mm diameter. These units were
considered to be of insufficient height, since a diver with fins could potentially get over them and
bypass the net without setting off the alarm. The net system can be equipped with a gate, operated by
an air compressor, to allow traffic in and out from the protected area.

15



Figure 4.10. Barrier with Gate 63

SBS currently supports 15 sites: including four with gates, but they are not currently
manufacturing this net system, due to the infrequent specialized demand for this technology. The
costs involved with installing a net are high: the estimate SBS provided was more than $7M for
initial installation.

Another company also advertises anti-swimmer nets: BEI Security Systems.65 Their net is called
the F-8000, which is a fiber optic alarm net designed to provide physical protection above and under
water. Representatives from the Waterside Security System program have received price quotations
(cost per square foot), but were unable to obtain information on installation locations with satisfied

customers, nor an estimate for a fully installed system. A report from 1989 66 also mentions a UK.
company that was producing a fiber-optic alarmed underwater barrier under the “Aquamesh” name.
An Internet search on that name revealed that Aquamesh is now the brand name of a popular

underwater wire mesh used in the aquaculture industry for lobster and crab traps, but no fiber-optic

alarmed version of this product could be located.67 Additionally, one factor not addressed in the
U.K. report (or in other documentation related to barriers and nets) was environmental impact. A
permanent barrier, particularly one with a grid size small enough to deter a swimmer, will affect the

movement of fish schools, marine mammals and other aquatic life. 68 In areas such as Pacific

Northwest, this barrier could interfere with salmon migration. Along the southeast Atlantic coast, the
barrier could negatively impact manatees and other native marine life.

Surface-to-seafloor barriers, particularly the SBS system, may be reasonable solutions in areas
where water depth is shallow and the total area covered is small. In general, their high cost and
negative environmental impact make them poor choices for swimmer deterrence. Floating barriers,
primarily those designed to stop fast moving surface craft, or barriers that mark restricted areas,
would be useful for clearly marking the protected area and preventing surface craft from deploying
divers close to pier-side assets.
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5. LIGHT- AND SOUND-PRODUCING DEVICES

The devices discussed thus far rely on physical and chemical effects, most of which are reasonably
consistent from individual to individual. Non-lethal weapons that rely on restraints and blunt trauma
are simple in concept and easy to test. Testing protocols and methods for evaluating chemical agents
are well understood, because similar testing is done on food items, drugs, cosmetics, pesticides, and
other chemicals in non-weapon applications. The majority of research that has investigated the
effects of light and sound on living organisms has mostly focused primarily on vision and hearing.
The next section will discuss the use of light- and sound- producing devices for swimmer deterrence.

5.1 LIGHT-PRODUCING DEVICES

Extremely bright lights can be used to cause temporary loss of vision. Several companies,
including Laser Products and Stream light, have developed handheld flashlights capable of producing

intense light. 69 In the past decade, much has been learned about the use of “light as a weapon™ by

military and law enforcement personnel. 70 1n a low light environment, bright lights can cause an
individual’s vision to “wash out,” causing a form of temporary blindness. Flash-bang grenades,

commonly used by military and law enforcement entry teams, produce this same effect 31,32,71,

In 1975, the U.S. Army Materiel Command produced several reports under the “DISPERSE”
program, which evaluated the use of sound- and light- producing devices for crowd control. 72-74

One of these reports 72 was a summary report listing references to current research. That reports
states,

“...of the ‘mountains’ of literature dealing with sound and light, there is
virtually a pittance treating the subjects in a manner directly beneficial to the
DISPERSE effort. There exists... sufficient technical information to support at
least an exploratory investigation of ... aversive audible acoustic stimuli,
infrasonic and ultrasonic systems, and bright flashing and flickering light.*

Another report 74 contains proposals for experiments to test off the shelf equipment capable of
producing audible sound, infrasound (1-20 Hz tones below the normal hearing range), delayed
speech and flashing lights. No follow up reports were located during the literature search, and it is
assumed that these experiments were not performed or did not produce positive results.

Epileptic seizures can be induced in susceptible people by light and repetitive visual signals, 75,76
but only a fraction of the populace is susceptible to this Bioeffect. 77,78 79 Most data on this topic is
anecdotal, or restricted to lab animals. 80-85 One notable exception is the seizures that were reported

following broadcast of a particular episode of the “Pokemon” animated cartoon in Japan. 86-88
These seizures, while widely reported, only occurred in a tiny fraction of the total viewing

population, confirming previous research. 7/ Screen update rate was observed to be a factor in light-

induced epilepsy, with 100 Hz refresh rates inducing fewer seizures than 50 Hz rates. 89:90 Another
visual Bioeffect is a form of illusory self-motion known as vection, which occurs when a motionless
observer is placed in the center of a rotating vertically striped drum. If this mismatch between visual
inputs is prolonged (greater than 5 minutes), it is often sufficient to induce motion sickness in

susceptible subjects. o1
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Spectra A&M Associates distributed a white paper which described experiments conducted using

bright lights flashing at an unspecified frequency, which produced the “Brewster effect”. 92 In the
mid-90s the Spectra report was made available to individuals working in the swimmer detection
field. Although the paper claims that the research was done for the Navy, the literature search
performed for our study did not find any other published references to the Brewster effect, or other
reports supporting the claims made in this paper. Regardless of the validity of the Brewster effect
claims, these techniques are a poor choice for general use in swimmer deterrence because light
propagates poorly in seawater.

5.2 SOUND-PRODUCING DEVICES

Unlike light, sound propagates well in seawater, and sonars are used for many applications in the

underwater environment, including imaging, swimmer detection, and mine hunting. 93 A single
sound-producing device, located near a protected asset, could transfer sound into a large volume of
water around the asset as a deterrent. This approach has several benefits: an entire area is protected
by a single device, affecting every target within the area, and the Bioeffect increases as the intruders
swim toward the protected asset. The weapon’s strength is relative to range, and the amount of
discomfort experienced is determined by the diver’s willingness to approach the weapon.

The critical question related to the use of sound to deter a swimmer is which frequencies, sound
levels, and waveforms are required to reliably cause a proven Bioeffect. Since World War II, many

experimental devices have been proposed, and some built and tested. 46,50,94-96 1 the past five
years, interest in non-lethal weapons has grown significantly, and many claims have been made

regarding the effects of various frequencies, sound levels, and durations on the human body. 46,97 1n
particular, charts like the figure below show up in many overviews and books on non-lethal weapons.
98 Typically these charts are published without explanation or supporting data. One goal of this
study was to review existing research in order to separate claims based on verified data from those of
mere speculation.
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5.2.1 Acoustics Terminology

Sound exposure is described by three key parameters: frequency, duration and sound pressure
level. Frequency is perceived as pitch, such as a particular note in a musical scale, and expressed in
units of Hertz (Hz), which is equivalent to the number of sine wave cycles per second. The frequency
range of human hearing is approximately 20 — 20,000 Hz. Frequencies below human hearing are
called infrasound (1-20 Hz), and frequencies above human hearing are called ultrasound (20,000 Hz
and up). Duration is measured in seconds (s) and is the length of time that the subject is exposed to
the sound. Sound levels in air and water are typically discussed as Sound Pressure Levels (SPL), with
units of decibels (dB). The definition of an SPL is:

SPL =101log (p/ pref)2 =201log (p/ pref) dB re pref

where
p = current sound pressure level in Pascals,

Pref = reference sound pressure level in Pascals.

When referring to SPL values in decibels, it is critical that the reference pressure be included,
because the reference pressure is dependent on the medium in which the sound in traveling. In air,

SPLs are measured in decibels, referenced to 20 _Pa (20 x 106 pascals, or 20 micropascals). For
water, a different reference is used: 1 _Pa. Often the notation will also include information about the
distance from the source that the sound was measured, such as 165 dB re 20 _Pa at 1 meter.

Because studies performed in both air and water are discussed in this report, the appropriate
reference pressure and measurement distance, when available, will be included. Converting between
SPLs for air and water involves converting decibels back into Pascals and adjusting for the
dramatically different acoustic impedances of air and water. A direct comparison of in-air and in-
water levels is complicated by the significant differences in human hearing in air and water. A chart
of relative sounds in air with their equivalent SPLs in water is shown in Table 5.1.

Table 5.1. Comparison of SPLs in Ajr100,101

Sound Air Standard Water Standard
(dB re 20 uPa) (dB re 1 uPa)
Threshold of human hearing in air 0 62
Very quiet living room 40 102
Normal speech in air (1 meter) 60 122
Lion’s roar, heavy trucks at 6 m 90 152
Jet airliner 104 166
Human threshold of pain 140 202
Military artillery 160-190 222-252

The decibel scale is based on logarithms, so dB values cannot be added together without reversing
the logarithm scaling. Doubling the pressure only produces a 3 dB change, for example: 100 dB +
100 dB =103 dB. 20 dB is 10 times the pressure at 0 dB; 40 dB is 100 times the pressure at 0 dB.
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5.2.2 Which Bioeffect?

To have value as a deterrent, an acoustic non-lethal weapon must reliably produce a consistent
Bioeffect in the human body. Acoustic energy, applied at specific frequencies, amplitudes, and
durations from such a weapon, would affect the function and/or physical characteristics of major
organs, limbs, or central nervous system in a measurable manner documented through animal and/or
human testing. Without legitimate performance data, end users take a risk that the weapon will under
perform (and have no effect) or over perform (and cause undesired serious injury or death).

With the exception of Navy studies on safe levels of exposure for divers to low frequency sound,
102-106 few reports have focused on specific extra-aural Bioeffects in swimmers or divers caused by
exposure to sound. 107-109 The Naval Submarine Medical Research Laboratory, 106,110-119 Naval

Experimental Diving Laboratory, 120-123 and others 124-127 have conducted relevant studies in
diver hearing and diver physiology. A significant body of relevant research also exists regarding

human Bioeffects caused by sound in air, particularly infrasound 128-155 and ultrasound, 156-162
relevant to this investigation.

The U.S. Army, the Air Force Biomedical Research Laboratory, and the Joint Non-lethal Weapons
Directorate have also investigated the feasibility of high intensity, audio frequency sound as an “in-

air” acoustic non-lethal weapon. 152,163-165 A recent Air Force Biomedical Research Laboratory

report 166 examining animal Bioeffects produced by high intensity, audio frequency acoustic
weapons in air, concluded that such weapons would be ineffective because the data failed to show
useful, extra-aural Bioeffects from acoustic energy in audible frequencies up to 165 dB re 20 uPa
(air).

The failure to identify a consistent Bioeffect for high intensity, audio frequency airborne sound
does not imply that Bioeffects will not occur in water. The acoustic impedance of air is
approximately 415 MKS rayls (kg/m®s). In contrast, the average acoustic impedance of the human
body is 1.6 x 10° MKS rayls, which is comparable to the acoustic impedance of water, approximately
1.5 x 10° MKS rayls. Thus, most airborne sound that reaches the human body is reflected due to the
impedance mismatch, but waterborne sound passes directly from the water into the body. Table 6.2
167 161 shows the relationship between the acoustic impedances of air, water, and components of the
human body. Note that bone and lung impedances are the only significant deviations from the
average of 1.6 x 10° MKS rayls. The moderate (6x) impedance mismatch between the lung and the
rest of the body (and the surrounding seawater) provides the large reflection that allows divers to be
located and tracked using an active swimmer detection sonar.
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Table 5.2. Acoustic Impedances

Material Acoustic Impedance (MKS rayls)

air (0° C) 428

air (20° C) 415
water (fresh, 20° C) 1.48 x 10°
water (sea, 13° C) 1.54 x 10°
blood 1.62 x 10°
brain 1.55-1.66 x 10°
fat 1.35 x 10°
kidney 1.62 x 10°
liver 1.64-1.68 x 10°
muscle 1.65-1.74 x 10°
spleen 1.64-1.67 x 10°
lung 0.26 x 10°
bone 3.75-7.38 x 10°

Most published studies related to underwater sound have focused on hearing capabilities and
hearing damage among human subjects. Temporary threshold shifts (TTS) in hearing occur when
humans are subjected to loud noises for brief periods of time, such as during rock concerts or when

operating industrial machinery. 168 These shifts do not produce any reliably disabling Bioeffect.
Exposure to higher levels and longer durations of noise in the audible frequency spectrum can result
in permanent hearing damage that is acquired incrementally. Unfortunately, these types of studies are
not useful to weapon development. Hearing is not a critical sense in the underwater environment and
even total deafness has no effect on the ability of a diver to navigate into a secured area.

Most practical non-lethal weapons are effective because they cause the subject to experience
physical pain and/or difficulty breathing. Similarly, any sound-based non-lethal weapon must
somehow affect the diver’s central nervous system causing pain, shortness of breath, vertigo, nausea,
disorientation, or other systemic discomfort in order to be effective. Unless the sound produced by
the weapon is audible, a well-trained diver may misinterpret some of these sensations as being
related to problems with the inner and middle ear, arterial gas embolism or Type II decompression

sickness. 42 This interpretation may affect the diver’s reaction to those symptoms, as an experienced
diver will follow procedures to deal with known causes of those maladies.

Breathing interference might be an effective Bioeffect because of the diver’s dependence on
supplied air. This Bioeffect would be likely to cause panic, resulting in the diver’s uncontrolled

ascent to the surface (and possible decompression sickness, depending on depth). 43,44 Interference
with breathing is also the most likely Bioeffect to have significant, potentially lethal secondary
results. 156,160,162,169

5.2.3 Ultrasound

Application of acoustic energy at frequencies in the 1-4 MHz range, commonly known as
ultrasound, has been widely utilized by the medical and dental community over the past 20 years for
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imaging, heating and destruction of tissue, plaque removal from teeth, and acoustic microscopy. 161

In the industrial community, ultrasound is also used for cleaning, soldering, metal and plastic
welding, electroplating, atomization, flow measurement, burglar alarms, pest control and other tasks.
Many studies have evaluated the safe use and Bioeffects of ultrasound on adult humans. Ultrasound
is also widely used to produce images of developing fetuses. Research on fetal Bioeffects of
ultrasound is of particular interest because the fetus is suspended in amniotic fluid within the womb,

much like a diver is suspended in seawater. 170-177 171,178-190

Heating and cavitation are the most common Bioeffects from exposure to ultrasound. The heating
Bioeffect is useful during physical therapy, but tissue damage can occur if the exposure duration is
too long. Figure 6.2 shows one estimate of the tissue temperature and duration thresholds for physical
damage to organs caused by ultrasound.
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In fluid mechanics research, the term cavitation indicates the formation of gas- or vapor-filled
cavities in a liquid caused by mechanical or acoustic forces. During the rarefaction phase of the
acoustic cycle, the local pressure becomes lower than the ambient pressure, and any bubbles
preexisting in the liquid may begin to enlarge. During the next half of the cycle the local pressure
rises, and the bubble size recedes. The degree of expansion, and the lifetime of the bubbles depend
on several factors, including the acoustic pressure amplitude, ambient pressure value, wave
frequency and duty cycle (if the sound source is pulsed), and the specific characteristics of the liquid
and dissolved gases. Where the acoustic pressure is sufficiently high, bubbles will suddenly collapse
releasing a large amount of energy almost instantaneously upon compression.

The specific question as to whether these Bioeffects could be produced in scuba divers exposed to

underwater ultrasound was addressed by a U.S. Navy study. 115 The authors found insufficient
experimental evidence to conclude that divers would face no biological hazard from exposure to
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intense sound underwater at levels currently permitted. Thus, within those permitted levels,
decompressing divers could be at risk. The report detailed the findings of a committee that included
medical and acoustic experts in ultrasound and dive medicine. Current Navy policy, drafted as a
result of this committee’s findings and other research, is that divers operating near any sound source
above 250 kHz may not be closer than 10 yards from the sound source to avoid experiencing any

discomfort or injury-causing Bioeffects. 24

For most applications, the ultrasound transmitter is placed very close to the object to be imaged. In
air and water, the power of ultrasound rapidly falls off with distance. In general, energy at higher
frequencies is absorbed more quickly by the surrounding air and water, while low frequencies will
travel farther at higher energy levels. In the Navy study, the committee also evaluated whether the
cavitation and heating effects could occur at lower frequencies. They observed that heating effects
decreased rapidly with frequency, and at frequencies below 100 kHz, heating effects were negligible.
Extremely high sound pressure levels are necessary for cavitation to occur in water. A diver would
have to be within contact distance to the sound source to experience cavitation effects in the body.
Since gas nuclei are always present in diver tissue, and existing decompression practice can allow
bubbles to form in a decompressing diver, cavitation could cause increase in the amount of bubbles
forming which would necessitate changes to the decompression process to guarantee the diver’s safe
ascent to the surface after exposure to ultrasound.

More recently, Crum and Mao 191 showed that for sound pressure levels (SPLs) in excess of 210
dB re 1 _Pa, significantly enhanced bubble growth can be expected and divers and marine mammals
exposed to these conditions could be at risk. Another notable study examined damage in mice caused

by exposure to ultrasound. 162 Adult mice were exposed to 20 second and 3 minute 2.3 MHz
ultrasound at peak positive pressures ranging up to 3 MPa. Threshold pressures for the two exposures
(before lung hemorrhage, 1.6 MPa and 1.4 MPa) were the same within the statistical significance of
the measurements. Other studies also have found that lung and intestinal damage can occur in mice

exposed to high intensity ultrasound at frequencies from 700 kHz to 3.6 MHz. 156,157,162 These
studies indicate that for each type of injury the sound pressure level must exceed a certain intensity
threshold for Bioeffects to occur in tissue, regardless of frequency.

5.2.4 Infrasound (1-20 Hz)
Various scientific claims have been made about the effects of infrasound on humans, beginning at

least as early as the 1940s. 192 A large portion of the published literature focuses on two areas:
continuous exposure (industrial and traffic noise), and sonic booms (aircraft). Many tests and studies
were performed to assess whether long-term exposure to infrasound from road, airport, and factory

noise would cause adverse health effects in those living near those facilities. 131,136-138,149-
151,153,154,193-195 Some studies were general investigations into the effects of infrasound on
humans. 133,196,197 Additionally, some data relating to research on the use of infrasound as a non-
lethal weapon was reported in the U.S. 72-74 and UK. in the 1970’s. 94.96,132 Research into

infrasound Bioeffects was also conducted in Russia during the 1980s and 1990s. 134,140,143-
147,198-204

Several sources report 94,97 that a “Sound Curdler” system purchased by the U.S. Army produced

sound levels above 120 dB re 20 _Pa at 30 feet. One of the DISPERSE reports 72 references a
proposal from Bowles Fluidics Corporation to build a device which may have been re-named the
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“Sound Curdler.” The device allegedly could produce disorientation and nausea, however no
references or test data could be found to support these claims, or the claim that such a device was

ever constructed. Similarly, another report 96 suggested that the British Army used a “Squawk Box”
in Northern Ireland in the early 70’s. This device allegedly used a ring modulator circuit to output the
sum and difference of two frequencies (16,000 and 16,002 Hz), to produce 32,002 Hz (above audible
range) and 2 Hz tones (infrasound). The British army officially denies using this device, and no
supporting data could be located during this literature search. During this time period, other research

data contradicted claims made by non-lethal weapons advocates. Harris et al.150,151,205
investigated the effects of infrasound on humans. They found that sound levels had to exceed 100 dB
re 20 _Pa (air) before effects were observed. Harris and colleagues argued that previous reports
claiming Bioeffects resulting from exposure to 105-120 dB re 20 _Pa infrasound, were exaggerated

since attempts by them and others 206 to reproduce the data found no effect on human reaction time

or equilibrium, even at higher sound intensities. Another report by Bryan and Tempest 132 jdentified
a voluntary tolerance limit for 60-100 Hz sound of 150-155 dB re 20 _Pa, but no evidence of
permanent damage was observed for 5 minutes exposure to 160 dB re 20 _Pa at 196 Hz. However,
some human subjects did complain of “painful resonances within the body” after exposure. This
study cites a previous experiment in which exposure to tones in the 2-15 Hz band at 105 dB re 20
_Pa produced an increase in visual reaction time of 10% in half of the test subjects.

Perhaps Broner published the most complete review of existing research on infrasound. 207 The
primary effect identified was annoyance, typically connected with long-term exposure to low-level
infrasound. This Bioeffect would not be particularly useful for swimmer deterrence. Also, the
threshold of pain for audible sound exposure is 140 dB re 20 _Pa (air) at 20 Hz, increasing to 162 dB
at 2 Hz and 175-180 dB for static pressure. This threshold implies that very high levels of infrasound
would be required to induce any Bioeffect. Evaluating studies on infrasound disrupting individual’s
equilibrium, Broner wrote that

“Hood, Leventhall, and Kyriakides 208-210 found only two out of seven
subjects affected at a level 110-120 dB, while Johnson 151 found no effect at

levels up to 140 dB and Nixon 211 found an effect at 150 dB. The level (for
any Bioeffect to possibly occur) is probably at least above 130 dB. It should
be noted that these [recent, 1970s] studies (showing no Bioeffect), were all of
short duration (8 minutes maximum) exposure while in those by Hood,
Leventhall, and Kyriakides, etc...showing performance decrement, exposures
of 30 minutes or more were used.”

Broner’s overview also noted that infrasound had been used to promote relaxation, stimulate brain

waves (7 Hz is the median frequency of the alpha rhythm 198y and enhance the audio portion of
motion pictures (the “Sensurround” system used for Earthquake, Roller Coaster, Midway, and other

movies of the 1970s). 212 One study used blasts of high intensity sound to attempt to produce
ovulation in women with glandular deficiencies, and electrical stimulation of the brain at 42.5 Hz
was claimed to rectify color blindness. Not all measured Bioeffects of infrasound are undesirable.
Russian researchers investigated the use of infrasound to treat myopia in school children, and some
changes in the vascular membrane were observed. 144 Much of the data summarized in Broner’s
review are contradictory and inconclusive. The author concludes that many of the claims regarding

the effects of infrasound are “overrated,” although he states that high-level low frequency noise in
the range of 20-100 Hz causes more significant effects than infrasound at the same intensity level.
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Interest in infrasound was renewed in the 1990s, and data from new studies was reported.
Landstrom determined that hearing perception was directly related to the Bioeffects of infrasound.

138 Sound levels must exceed the hearing threshold in order to have any Bioeffect. This work was
supported by studies that evaluated effects of occupational exposure to infrasonic noise in Poland.

141,213 Hearing thresholds for infrasound were 65 dB re 20 _Pa at 32 Hz, 95 dB re 20 _Pa at 16 Hz,
100 dB re 20 _Pa at 3 Hz, 140 dB re 20 _Pa at 1 Hz for the subjects studied. For those same subjects,
the threshold for aural pain was 160 dB re 20 _Pa at 3 Hz. Luszczynska found that a close correlation
existed between the exposure to infrasound, its perception, and its physiological effects, such that the
sound pressure levels had to be high enough to be physically perceived in order to produce
physiological effects in the subjects. Luszczynska also referenced several additional studies,
including one report in which deaf subjects were shown to be “immune” to the effects of infrasound
because they could not hear it. Recent work into the use of infrasound as an acoustic barrier for fish

farms indicated that unlike humans, fish and eels are acutely sensitive to infrasound, 214,215 which
implies that use of infrasound for swimmer deterrence could potentially change normal behavior of
indigenous aquatic life.

Reportedly, new data on the effects of infrasound was recently generated in Russia. References to
this work appear in a translated paper on sonar technology, 198 and as well as in a recent book
summarizing possible non-lethal weapon technologies. 46 The Mit’ko paper 198 reviewed Russian

papers concerning Bioeffects of infrasound. 216-224 However, efforts to obtain copies of these
Russian papers for inclusion in this report were unsuccessful.

The Mit’ko review cites claims that exposure for extended time brought on impairment in tracking
ability, choice-reaction time, and peripheral vision in human studies and identified 7 Hz as a specific
frequency that caused difficulty in mental activities and precision work. While these reports have

been cited by SARA in support of their development of non-lethal acoustic weapons, 99,225 SARA’s

translations of these papers were in verbal, summary form only, 226 and full English translations of
the complete articles do not exist in written form at this time. From a scientific perspective, it is
difficult to accept any claims made in the untranslated papers as to the Bioeffect of infrasound
without further review.

During the literature search for this review, no studies were found in which the effects of
infrasound on divers were tested. Given the lack of clear evidence pointing to useful Bioeffect, there
is no justification to recommend that infrasound be considered for swimmer deterrence. As Bruner
observed, the frequency band between 20-100 Hz, to be discussed later in this report, may be of
greater significance.

5.2.5 Audible Sound

Audible sound is typically defined as frequencies in the range from 20-20,000 Hz. Because their
frequencies are outside human hearing range, extra-aural Bioeffect from exposure to infrasound (1-
20 Hz) and ultrasound (above 1 MHz) involve organs and systems other than the ear. Bioeffects
caused by audible sound may include aural and extra-aural components. Any aural components are
dependent on diver hearing response, and the human reaction to verbal commands, irritating sounds,
or sounds at a pain-inducing volume level.
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5.2.5.1 Diver Hearing

Since divers frequently operate in a low visibility environment, command presence and hand
signals are difficult to project to the diver. Verbal commands or other auditory signals, however, can
be used to alert an intruding diver that they have been detected by security personnel and that failure
to surface or leave the area may result in non-lethal or lethal force being used. The critical issue in
this form of swimmer deterrence is the ability of the diver to hear the signal and understand speech, if
verbal commands are used.

The early work in measuring underwater hearing began in 1967 with Brandt and Hollien, 227 and
during subsequent years the Navy has continued to measure and evaluate diver hearing capabilities
and hearing damage that may result from exposure to explosions, underwater tools, sonar and other
hazards. 110,117,1 18,121,228,229 Iy, water, human hearing occurs primarily as a result of bone
conduction, which occurs when sound is transmitted into the middle and inner ear through the skull,

rather than the eardrum. 228 A summary of diver hearing investigations 230-233 jndicated that the

threshold of hearing ranges from 20-75 dB at 1 kHz and 20-40 dB at 125 Hz, 234 with maximum
underwater hearing sensitivity located around 500-1000 Hz. These reports claimed the ear
underwater is more sensitive to low frequencies (below 1 kHz) due to diminished amplification from
head diffraction and the external ear resonance underwater, and a 27 dB reduction in sound
transmission through the middle ear when the diver is submerged.

In air, the “A” weighted scale in Figure 5.3 is used to adjust sound pressure levels to the human
hearing response, which is best between 500-5000 Hz and poor for frequencies below 500 Hz. The

“UW” weighting scale, as proposed by Parvin and Nedwell, 235 can be used to compare human
hearing response in air and water. In water, peak hearing capability is at 800 Hz, with the human ear
most sensitive to frequencies from 400-1000 Hz. The loss in sensitivity between 1000-5000 Hz may
make it difficult for divers to understand speech underwater, if broadcast from an underwater
loudspeaker. Speech intelligibility depends on our accurately perceiving speech in approximately the

1500-3000 Hz ranges much more than in the frequency ranges above or below this band. 101 A
significant increase in amplitude of the frequencies in the 1000-5000 Hz band could compensate for
the sharp drop in diver hearing sensitivity for frequencies above 1000 Hz and increase the likelihood
that a diver would understand specific words. In addition to showing the change in hearing frequency
response in air and water, the figure above also shows the substantial decrease in overall sensitivity.
In water, human hearing is 30-40 dB less sensitive on average, which raises the threshold of pain.
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Figure 5.3. A and UW weighting scales 236

A number of studies have been performed to determine discomfort thresholds for audible

underwater sound. In 1961, Montague and Strickland 237 tested the sensitivity of the water-
immersed ear to high and low level tones. They found that the tolerance limit for divers without
wetsuit hoods was 174 dB re 20 _Pa (air standard). Wearing a wetsuit hood, divers were able to
tolerate levels in excess of 180 dB. These tests were performed using tones at 1500 Hz, of 1 second
duration, 2 seconds apart. When subjected to continuous tones above 165 dB, divers reported
distortion of the visual field, likely caused by over stimulation of the vestibular (inner ear and

equilibrium) system. Kryter 238 reports that in air, similar vestibular system stimulation occurs at
SPLs on the order of 130-140 dB re 20 Pa.

A literature review conducted in 1989 239 noted that two different methods were used to evaluate
underwater-versus-in-air hearing capabilities and thresholds, with one method yielding a difference
of 25-30 dB and the other having an average difference of 37 dB. The latter value is close to the
acoustic impedance difference between air and water, which may be significant. It is also the number
that one might expect for improved bone conduction hearing caused by better coupling when
immersed in the water medium. Immersion in water is not the only factor producing a change in
diver hearing. In 1969, Paul Smith 117 measured a 25-35 dB reduction in hearing sensitivity at 1000
Hz in divers wearing wetsuit hoods. A later experiment at Naval Submarine Medical Research
Laboratory (NSMRL) measured 10-15 dB reductions in hearing sensitivity in divers wearing wetsuit
hoods. A literature review conducted in 1989, 239 concluded “sufficient evidence exists that for

depths up to at least 30 feet divers’ hoods offer a significant amount of acoustic protection at
frequencies of 1000 Hz and above, and little or no protection of 250 Hz and below.”

Another hearing-related capability that is reduced in water is sound localization. In normal
humans, the brain interprets the differences in the signals between the left and right ear (loudness,
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time delay, and other cues) to determine whether the sound source is to the left or right. 240
Underwater, this capability is diminished. 241 According to Paul Smith, of the U.S. NSMRL 114

“The impedance of soft tissue is not much greater, sound is readily
transmitted from water to the cochlea through those tissues, bypassing the
acoustically inefficient tympanic route. That is, the ear canal is acoustically
transparent in water, and man’s ossicular chain is not effective in water
primarily because the ossicles lack sufficient mass. Further, because of cross-
conduction through the skull, the two cochleae are not independently
stimulated under water as they are in air, and hence sound localization is not
possible for man in water.”

However, later studies 126,242 1 18 found that intensity cues may not be as robust as “time of
arrival” information with respect to underwater sound localization. In these studies, divers were able
to localize the direction that an impulse noise (explosive diver recall device) was deployed from.
Noise signals, rather than pure tones, were easier for the divers to localize. At frequencies below 400
Hz, humans may rely more on phase information, rather than intensity differences, to localize sound.

243

The study of diver hearing is relevant to swimmer deterrence because sound is the only method by
which commands to exit a protected area can be given to a swimmer or diver. As previously

discussed, commercial acoustic diver recall devices, such as those produced by Oceanears 244

(shown in Figure 6.4), Lubell, 245 Nautronix, 246 and others provide a capability for surface boat
personnel to speak to all divers within the effective range of the device. The cost of acoustic diver
recall devices ranges from $1,000-6,000. Testing should be performed to compare the maximum
range and intelligibility vs. cost for commercially available systems. It may be possible to improve
range and intelligibility of these devices by equalizing the signal transmitted into the water to
compensate for the frequency response of diver hearing. That experiment should be part of any
evaluation of acoustic diver recall systems, as the equipment required to adjust frequency content
could be as simple as a commercial audio equalizer costing $200 or less. Adding the capability for
one-way communication from patrol boat to diver is the least expensive, lowest risk, and most legally
defensible action that should be taken to improve current capability for swimmer deterrence.

Figure 5.4. Oceanears Acoustic Diver Recall System 244

5.2.5.2 Fetal Studies

Acoustic research data from experiments performed on human and animal fetuses were reviewed
for this report. Results from those studies may be relevant to human response to underwater sound,
because a fetus is suspended in liquid, similar to a diver. The majority of the studies addressed
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hearing and the effects of loud noise on the fetus. 173,247-258 Niemtzow 259 measured the
attenuation resulting from tissue and fluid surrounding the human fetus to be 20-25 dB for 50-200
Hz, 25-30 dB for 500 Hz, 40 dB for 1000 Hz, 50 dB for 2000 Hz, and 70 dB or more for 4000 Hz
and higher frequencies. Another study reported similar results, with attenuation in the womb
increasing with frequency. These data correlated well with diver hearing response data, which peaks
at 800 Hz and drops off sharply at frequencies above 2000 Hz. Two fetal sheep studies also
supported this result. A study of temporary threshold shifts demonstrated that low frequencies were

transmitted into fetal sheep, but higher frequencies were significantly attenuated. 177 A second
study, found that sound pressures generated by low frequencies (<250 Hz) were 2 to 5 dB greater
inside the womb than outside the pregnant ewe. Above 250 Hz, sound inside the womb decreased at

6 dB per octave. 260

Another area of fetal research relevant to this study is the Bioeffect of vibroacoustic stimulation.
Electronic recording of fetal heart rate patterns following vibroacoustic stimulation has been used for
many years to evaluate fetal well being. Accelerations provoked by vibroacoustic stimulation are

generally accepted as a normal response in healthy fetuses. 180 The test is performed by placing an
artificial larynx to the maternal abdomen over the area of the fetal head. Depressing the button causes
a loud vibrating sound (100-120 dB re 20 _Pa at 1000 Hz) and produces a significant vibratory
stimulus. The background noise level in utero is reported as 60-80 dB re 20 _Pa. Typically the

stimulus lasts from one to ten seconds. 109 Exposure to this unexpected noise causes an increase in
fetal heart rate, which is monitored before, during and after exposure to the sound source. In a few
rare cases, exposure to this test has resulted in serious negative consequences for the fetus, such as

neonatal arterial flutter 185 and fetal bradycardia. 184 In general, however, exposure to this
unexpected sound produces only transient changes in heart rate related to the startle response.
180,181

5.2.5.3 HEARING-RELATED BIOEFFECTS

The DISPERSE 72 researchers, as part of their 1975 study, also recommended the evaluation of
irritating or pain-inducing sounds, such as the sound of fingernails being scraped down a chalkboard,

or very loud sirens, as non-lethal weapons. 74 The scientific study of our perception of sound and
tone, and which characteristics make certain tones pleasing and others irritating, dates back to the late

1800s. 261 As sound recording and reproduction technology has advanced, many devices, from the
Aphex “Aural Exciter” to the Dolby™ surround sound processor, have been invented to “sweeten”
music and speech by selectively adjusting frequency and phase in stereo and multi-channel systems.
The field of psychoacoustics studies human perception of sound, and most modern sound processors
exploits specific Bioeffects that most people with normal hearing perceive as pleasurable.

Reversing these effects to create sounds that are specifically unpleasurable has been a popular
suggestion of many non-lethal weapon advocates for decades. Perhaps the most famous use of sound

as an irritant was during the Branch Davidian siege in Waco, Texas. 262,263 FBI hostage negotiators
played recordings of Tibetan prayer chants, screaming and dying rabbits, and other sound “irritants”
as part of the effort to get the Branch Davidians to surrender. This tactic was unsuccessful, and as
Harvard University psychiatry and law professor Stone 264 noted in his report to the Justice
Department:

The constant stress overload is intended to lead to sleep-deprivation and
psychological disorientation. In predisposed individuals the combination of
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physiological disruption and psychological stress can also lead to mood
disturbances, transient hallucinations and paranoid ideation. If the constant
noise exceeds 105 decibels, it can produce nerve deafness in children as well
as in adults. Presumably, the tactical intent was to cause disruption and
emotional chaos within the compound. The FBI hoped to break Koresh's hold
over his followers. However, it may have solidified this unconventional
group's unity in their common misery, a phenomenon familiar to victimology
and group psychology.

The failure of the FBI’s use of sound as an “irritant” in this situation tragically illustrates that
psychoacoustics is based on assumptions about human psychology, which are rarely valid for all
people. Those who might decide to illegally enter a protected area with criminal intent would likely
not fit the psychological profile of “normal,” and may not respond as a “typical” person would.
However, irritating sounds have been used to drive away less committed loiterers. For example, use
of pink lighting and playing Bing Crosby records over the PA system are keeping idle youth from

congregating in front of stores in Mareela, Australia. 265 A determined mindset can enable a
committed attacker to overcome a purely psychological deterrent, making irritating audible sound a
poor choice.

The U.S. Army has recently investigated the use of painfully loud audible sound as a non-lethal
weapon. Several sound sources were evaluated, and animal testing was performed to assess target

effects. Human subjects were provided with hearing protection to prevent hearing damage, 266 but in
the animal testing, deafness resulted from exposure to these high intensity sounds. 165 1t is well

known that exposure to loud noises can cause temporary and permanent hearing threshold shifts, 101
depending on exposure time. If the primary Bioeffect of the weapon is discomfort caused by high
volume, it can be expected that the weapon will cease to work if the victim quickly becomes
permanently deaf from exposure to high intensity sound. The researchers concluded from these
studies that pain generated through the auditory system due to high intensity sound was not a useful
Bioeffect due to the high risk of permanent hearing damage.

5.2.5.4 ACOUSTIC DETERRENT DEVICES USED BY FISH FARMS

Irritating audible sounds are currently used in the commercial fish farm industry to repel marine
mammals from fish farms. The performance and environmental impact of these Acoustic Deterrent

Devices (ADDs) remains a controversial issue. 267 The idea of using acoustic signals to repel marine
mammals from fish farms was first developed in the 1970's. The first generation of ADDs was
developed to deter pinnipeds from fishery areas and hatcheries and was first used on fish farms in

British Columbia in 1988. 268 The early units produced signals between 12-17 kHz at an output of
about 180 dB re 1 pPa at 1m. This signal was intended to be unfamiliar and unpleasant because it
was in the range of maximum hearing sensitivity of harbor seals and California sea lions. The general
success of these devices was short-lived and in most cases animals habituated and returned to feed in

close proximity to the sound source within a few seasons. 269,270,271,272

In the early 1990s, new, more powerful ADDs were developed that produce signals in the range of
maximum hearing sensitivity of seals and are of such power that animals do not easily habituate. At
close range they potentially could cause pain or injury. Two models were used along the British
Columbia coast: the Airmar “dB Plus” developed by Airmar Technology Corporation and other
models by Ferranti-Thompson Sonar Systems. The Airmar device produces a signal of 194 dB re 1
uPa at 1m with the energy narrowly concentrated at 10 kHz with a strong harmonic at 20 kHz. The
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Ferranti-Thompson 'seal scrammer’ produces a signal at 38.4 kHz at a level of 205 dB re 1 uPa at 1m.

273 Ferranti-Thompson has developed a triggering system for their unit so that the motion created by
a seal hitting the net activates the unit. This triggering system has been reported to be unreliable in

practice. 268

As of 1996, about 20% of the fish farm sites in British Columbia used the new ADDs. Reeves et
al.274 Report that the new ADDs were effective for up to two years. Seals that have successfully

attacked are much harder to deter than naive animals. 271,274,275 Seals that experienced success
exposed themselves to the intense sound and may have suffered hearing damage. No hearing tests

were performed on seals known to have been exposed to the ADDs. 269 The potential harmful
effects of the new high-power ADDs on other marine mammal species were also studied. Because
marine mammals, cetaceans in particular, rely extensively on sound to communicate, navigate, hunt
and avoid predators, there was a very real concern that the sounds produced by ADDs could interfere
with these basic survival needs. The hearing of toothed whales is many times more sensitive to

sounds in the 10-20 kHz band than that of harbor seals (approximately 20 dB more sensitive). 276 In

a 1994 study along the Broughton Archipelago, 277 harbor porpoise sightings declined precipitously
when the ADD was activated. The response to the ADD by harbor porpoise extended over a distance
of least 3.5 km, the maximum range of the study area. These results were highly significant and

could not be attributed to any other variables. Pulsed Power Technologies Incorporated (PPTI) 278
developed an ultrasonic Sea Lion Deterrent Device under a grant from the National Marine Fisheries
Service. The device used compressed ultrasonic waves (above 1 MHz, far above the hearing range of

marine mammals) to allegedly drive sea mammals away from boats, leaving fish undisturbed. 279
Additional information about this device appeared in an August 2000 report from the Sport fishing
Association of California, which reported that in December 1999 the California Coastal Commission

had unanimously denied the request for a permit to test the PPTI unit. 280

Richardson et al.276 Describe four zones around an acoustic source in assessing the effects of
man-made noise on marine mammals: the zone of audibility (the largest zone), where the animal
might hear the noise; the zone of responsiveness, where the animal would react behaviorally or
physiologically to the sound; the zone of masking, where the noise level is high enough to interfere
with detection of other sounds, such as communication signals, echolocation signals, prey sounds or
other natural marine sounds; and the zone of discomfort or hearing loss. Based on known or inferred
auditory capabilities, 10 kHz ADD signals would be audible to other cetacean species found in

British Columbia coastal waters 281 such as harbor porpoises, Pacific white-sided dolphins, Dall's
porpoise, killer whales, humpback whales, minke whales and gray whales. Data reported in a

summary paper by Iwama et al.268 Indicate that the behavior of many species are adversely affected
by noise in the 10-20 kHz band, and the authors recommended that the use of ADDs at fish farms be
phased out of all fish culture operations within two years.

Based on the data reviewed for this study, use of ADDs developed for fish farms for swimmer
deterrence is not recommended, due to documented environmental impact on marine mammals and
the absence of data for any human Bioeffects resulting from exposure to 10-20 kHz sound.

5.2.5.5 Extra-Aural Bioeffects

In high intensity audible sound experiments involving human subjects, extra-aural (unrelated to
hearing) Bioeffects have been observed. As previously noted, anecdotal data regarding the effects of
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sound on various internal organs and the central nervous system has existed for decades. Typically,
these Bioeffects have been related to exposure to frequencies below 1000 Hz, and related to
resonance frequencies of internal organs, or central nervous system effects.

5.2.5.5.1 Low Frequency (100-500 Hz)

During the 1990s, the Navy conducted studies on the effects of low frequency sound (100-500 Hz)
on divers to determine safe levels of exposure as well as the results of unsafe exposure. The
Bioeffects investigated included auditory shifts, vibrotactile sensitivity change, muscle contraction,
cardiovascular function change, central nervous system effects, vestibular (inner ear) effects, and
chest wall/lung tissue effects. Organizations involved with this research program included the Naval
Submarine Medical Research Laboratory (Groton, Connecticut), Navy Experimental Diving Unit
(Panama City, Florida), SCC San Diego, Navy Medical Research and Development Command
(Bethesda, Maryland), Underwater Sound Reference Detachment of Naval Undersea Warfare Center
(Orlando, Florida), Applied Research Laboratories: University of Texas at Austin, Applied Physics
Laboratory: University of Washington, Institute for Sensory Research: Syracuse University, Georgia
Institute of Technology, Emory University, Boston University, University of Vermont, Applied
Physics Laboratory, Johns Hopkins University, Jet Propulsion Laboratory, University of Rochester,
University of Minnesota, University of Illinois, Loyola University, and the State University of New
York at Buffalo.

The first report from this research program, released in 1996, 102 primarily consisted of a
literature review, with some new work in analytic modeling of the chest/lung interface and

cavitations, hypothermia and tissue shearing. 282 The interaction of rectified bubble diffusion with

decompression stress was the subject of new theoretical development. 283 The researchers found that
cavitations, hypothermia, and tissue shearing could be significant for low frequency sonar exposure,

and no follow on experiments were recommended. Tests on human divers were performed, 169 and
no lung resonance effects were observed due to exposure to the 160-320 Hz bands, which was the
primary frequency range of interest in these studies. Recommendations for exposure of Navy divers
to sound in the 160-320 Hz band were proposed, based upon data from these U.S. and U.K. reports.
The proposed recommendations included a maximum SPL of 160 dB re 1 _Pa, with continuous
exposure of no more than 100 seconds, at a maximum duty cycle of 50%, with a maximum exposure

time of 15 minutes per dive day, and nine days of exposure in a 14 day period.

Cudahy et al summarized a second set of experiments in 1999.116 This work focused on the
evaluation of Bioeffects of sound in the 100-500 Hz range. Research included testing on small
animals and humans. Mice, rats, and guinea pigs were used to evaluate the risk of tissue damage
resulting from low frequency sound exposure at the resonant frequency of major organ systems.
These studies included control groups of animals that were submerged (while breathing on a
ventilator) but not exposed to underwater sound. Damage risk thresholds were always measured at
lung resonance frequency and above, so that any effects observed did not result from damage to the
lungs. This data was then reflected as a generalized debilitation of the animal rather than injury to the
specific organ system under investigation.

Using an acoustic scattering technique to measure the lung resonance frequency in mice and rats,
Dalecki 105 found that the lung resonance frequency {in Hz (fp)} varied as a function of body mass
{in grams (w)} according to the following relationship:
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fo =742 w—0.25

These data indicated that the resonance frequency of the lung varies with body mass. According to
Dalecki’s formula, the lung resonance frequency for a 150 1b person occurs at approximately 45 Hz.
Predictions based on this compare favorably with the observed lung resonance frequencies of divers
collected during the human testing phase of these experiments.

Results of low frequency sound exposures at lung resonance indicate that there is no observable
lung damage in guinea pigs at SPLs up to 170 dB re 1 uPa (water). Between 170 and 175 dB,
however, the level of lung damage increases with increasing sound pressure level (SPL). Similar tests

performed on mice by Dalecki 105 show that the threshold for both lung and liver damage occurs at
about 184 dB and increases rapidly as intensity is increased. The mouse lung resonant frequency
averaged 328 Hz, + 25 Hz. Vestibular effects were observed in guinea pigs using 160 dB SPL signals

at the lung resonance frequency and 190 dB SPL signals at 500 Hz. 284 However, results on these
measures of vestibular performance were highly variable between animals with 50% of the animals
showing no decrement in horizontal vestibular ocular reflex. No decrement was found in any animals
exposed at a lower level of 150 dB SPL. As with other results from this phase, these data indicate
that Bioeffects only occur once the SPL has exceeded a threshold level. Other animal tests from this
phase showed that cognitive function in rats was not impaired by exposure to low frequency sound;
however the exposures were of lower level (150 dB SPL) and were not at the rats’ lung resonant
frequency.

Human tests were performed with divers suspended at a 1-meter depth, and exposed to low

frequency sound in the 100-500 Hz band. 102,103 These tests measured hearing thresholds for low
frequency sound, indicating that SCUBA exhaust bubbles can mask low frequency sounds. As the
frequency of the sound decreased from 400 to 100 Hz, hearing thresholds increased (higher levels are
required at lower frequencies for the diver to notice the sound). At SPLs above the hearing threshold,
divers began to detect vibration in various body parts. The air filled cavities of the lungs, abdomen
and head were the most common locations of observed vibration. Nearly all subjects detected
vibration when exposed to 100 Hz, 130 dB re 1 uPa (water) sound, but as frequency increased, and
the probability of detecting vibration decreased.

In the same diver tests, higher levels of exposure were used to determine aversion response. At an
SPL of 140 dB, none of the subjects exceeded an aversion rating of “Very Severe” for the frequency
range 100-500 Hz. At the highest SPL tested (157 dB), divers reported an aversion level over “Very
Severe” 19% of the time. The frequencies divers found most objectionable were 100 Hz and 250 Hz,

with 100 Hz the most objectionable, 106,116 Immediately prior to and immediately following one of
the dive studies, the subjects performed an extensive battery of tests designed to assess if the LFS
exposures affected neuropsychological and vestibular functioning. Analysis of pre- and post-dive
scores revealed no adverse cognitive or hearing effects resulting from exposure to low frequency
sound. Additional measurements made on heart rate and vascular effects indicated that no significant
Bioeffects on those systems occurred from these exposures to low frequency sound. A theoretical
analysis of the shear forces that could result from focusing and de-focusing effects of the long
wavelength associated with low frequency sound suggested that increasing amounts of soft tissue

damage may occur at SPLs beyond 186 dB re 1 uPa. 285

Cudahy and colleagues 116 jncluded a tabular summary of Bioeffects of low frequency sound
(100-500 Hz), based on their research findings (Table 5.3).
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Table 5.3. Summary of Bioeffects for 100-500 Hz Sound 116

Sound Pressure Level
(dB re 1 uPa)

Bioeffect

80-100

Divers first detect the presence of sound through auditory
mechanisms

<130

Divers begin to detect low levels of vibration in various body parts

136—-140

The majority of divers tolerate the sound well with only “slight”
aversion

140-148

A small number of divers rate their aversion as “very severe,”
especially for 100 and 500 Hz frequencies

148-157

The loudness and vibration levels become increasingly aversive.
Some divers may contemplate aborting an open water dive

167

No significant decrements or damage in physiological, neurological or
cognitive systems have been observed following exposures to LFS at
or below this level for continuous sound for up to 28 seconds, and
cumulative sound exposures of 14 minutes. However, it is estimated
that at least 20% of divers will immediately abort an open ocean dive
if exposed to this sound level.

160

5 minutes of continuous exposure at lung resonance may induce
significant decrements in vestibular function

170-184

Lung hemorrhaging observed in rodents during exposures at the lung
resonant frequency. As the resonant frequency of the human lung is
considerably lower than 100 Hz, it is likely that much higher SPLs are
required to induce significant damage to the human lung for
exposures in the 100-500 Hz range.

> 184

Liver hemorrhage and soft tissue damage are likely.

> 194

Based on animal data significant concussion effects are unlikely to
occur below this level

Based on these findings, Navy Diving Manual guidelines were revised as follows:

“Because the probability of physiological damage increases markedly as
sound pressures increase beyond 200 dB at any frequency, exposure of divers
above 200 dB is prohibited unless full wet suits and hoods are worn. Fully
protected divers must not be exposed to SPLs in excess of 215 dB at any

frequency for any reason.” 24

In the Navy diving manual, specific guidance is given for exposure to a variety of submarine and

shipboard sonar, including: AN/SQS -23, -26, -53, -56, AN/BSY-1, -2, and AN/BQQ-5, for wet suit

un-hooded, wet suit hooded, and helmeted divers. Minimum diver distance from the sonar is
calculated from a maximum exposure time of 13 minutes in a 24 hour period, and these distances
range from 13 yards to over 2,000 yards, depending on the specific sonar in question and diver
equipment. These sonar typically have high source level and transmit at frequencies of 2 kHz and

higher. Guidelines are also given for higher frequency systems such as the AN/SQQ-14, -30 and -32
sonar, which are also shipboard sonar. Exposure times and distances for these systems are based on a

maximum exposure time of 120 minutes, at ranges from 2 to 13 yards. All of these sonars also have
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high cost, and very large transducer arrays, which make them unsuitable for patrol boat or pier side
use.

However, if available, transmissions from the low frequency sonar described above could have a
deterrent effect on scuba divers. It should be noted, however, that the literature search conducted for
this report did not locate any studies specifically showing that these sonar produce known Bioeffects
in divers when the ranges and time limits listed in the Navy Diving Manual are exceeded. Because
the guidelines were developed from the same body of research results presented in this report, it is
reasonable to assume that they are the best estimates that can be drawn from existing data, and that
divers will experience varying degrees of injury as a result of exceeding the manual’s guidelines.

Two specific cases in which exposure to sound produced noise-induced neurologic disturbances in
divers were discussed in which divers developed immediate, and long term problems associated with

exposure to continuous low frequency tones for durations longer than 15 minutes. 286 The report
states that

“Potential mechanisms of underwater sound-induced neurologic dysfunction,
derived from experimental work on the effects of airborne sound and
vibration, include central nervous system (CNS) stimulation mediated
through a cochlear pathway, direct CNS stimulation from water-borne sound
or vibration, and underwater sound-induced vestibular stimulation. A CNS
effect initiated from primary cochlear stimulation is the most likely
mechanism to account for most non-auditory effects observed from in air
exposure, and would logically apply to underwater noise exposures as well.

Of perhaps greater concern is the possibility that the underwater sound
affected brain tissue through direct physical stimulation. The state described
by the subjects, and the observations of on site medical personnel, resemble
the symptoms of individuals who have suffered minor head injuries. Thus,
one theory for a causal mechanism would be that the prolonged sound
exposure resulted in enough mechanical strain to brain tissue to induce an
encephalopathy.

Finally, these subjects’ symptoms may also be viewed as being consistent
with sound-induced stimulation to the otolith organs, which detect linear
motion. The production of vestibular signs or symptoms by an acoustic

stimulus is commonly referred to as the “Tullio phenomenon’. 287,288 It has
been suggested that intense sound exposure may damage the vestibular
receptors with or without concomitant damage to the auditory portion of the
membranous labyrinth. Thus, vestibular symptoms may occur without
concurrent effects on hearing.”

5.2.5.5.2 Extra-Aural Bioeffects in Humans
Other studies have evaluated the effects of high intensity sound in the audible frequency range on

divers. In 1986, Martinik & Opltova 289 published experimental results indicating that exposure to
infrasound, broadband white noise and pure low frequency tones (125-500 Hz) can cause measurable
changes in heart rate and blood pressure, but those Bioeffects are very inconsistent from individual to

individual. This hypothesis is supported other research by Broner 207 and Harris. 150 Studies have
also been performed assessing the effects of specific drugs on reactions to sound exposure.
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81,82,290-296 These studies are worth noting here as supporting research on general Bioeffects, but
are of little specific relevance because none of the observed Bioeffects are immediate and
incapacitating. It is unrealistic to assume that intruding divers would have taken the particular drugs
(and dosages) studied in these experiments.

Based on a review of existing literature in 1981, Pearson recommended an upper limit of 180 dB re

20 uPa for all frequencies 297 as the maximum amplitude that divers could be exposed to for short
periods of time. He also stated that frequencies below 500 Hz cause Bioeffects at lower (unspecified)

sound pressure levels. An NSMRL study 112 found that wet suited and hooded divers could work for
useful periods of time while subjected to tone pulses at sound pressure levels up to 191 dB. Non-
auditory effects that accompanied exposure to very high sound levels in water were found to be
annoying but not immediately harmful to divers. Divers were subjected to 3500 Hz tone pulses 25%
and 50% duty cycles for durations up to one hour. Non-auditory effects included spraying of water
within facemasks, perceptible pressure, and visual field displacements. When divers were within
visual range of the transducer, exposed to sound levels 212-218 dB, direct acoustical stimulation of
the vestibular apparatus (Tullio effect) occurred. As a result the divers experienced dizziness and

other disorientation.

In 1992, the Sea Search Company contacted the Naval Investigative Service Command with
information regarding its “Anti Diver Deterrent Integrator,” which claimed to deter divers through

high sound pressure levels. The letter referenced in this report 298 claimed that the system had
“undergone extensive field tests in the U.S. and U.K.” The company also claimed to have produced
extra-aural effects in a diver 15 meters from an AN/SQS-53 equivalent transducer, when 480 Watts
of power at 4.6 kHz was input to the transducer. The single anecdotal data point presented in the
company’s letter did not include the sound pressure level nor duration of sound exposure, which
makes this claim difficult to assess. The literature search performed by the authors was unable to
locate any test reports from U.S. or U.K. tests of this system, but an observer who attended a

demonstration of this system at Naval Air Station Paxtuent River, Maryland 243 reported that divers
involved in the demonstration described the system as “unpleasantly loud” when 50-100 yards away.

NSMRL studies performed by Smith et al.111 Found that 10- and 15-minute continuous exposures
to 125-6000 Hz tones caused temporary threshold shifts but no other Bioeffects. However, other

studies observed Bioeffects at high noise levels,299 and predicted that divers exposed to high noise
levels could experience hearing loss, vertigo, nausea and vomiting. 230 As part of the Navy’s recent

evaluation of the effects of low frequency sound on divers, 119 divers were exposed to 196 dB tones
between 500-4000 Hz. Many reported joint pain, dizziness, alterations in visual fields, and
headaches. During this study a diver was exposed to more than 15 minutes of continuous 250 Hz
warble tones (+12.5 Hz), and experienced significant medical problems as a result. That incident was
reported in detail in the paper on noise-induced neurologic disturbances 286 discussed earlier in this
report.

Recent data from the U.K. 300 reports that bareheaded divers terminated exposure to 880-2200 Hz
tones at levels from 176-185 dB re 1 uPa due to vestibular effects (dizziness) and overall loudness,
but divers wearing wetsuit hoods did not terminate exposure to levels at 191 dB. Those same test
divers rated the sound as “loud, but not disturbing” at an average level of 150 dB when bareheaded,
and a level of 165 dB when hooded. Pre- and post-dive evaluation of diver hearing, balance,
ECG/heart rate, and lung function showed no significant post-dive effects.
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5.2.5.5.3 Very Low Frequency (20-100 Hz)

The recent studies on Bioeffects from exposure to high intensity 100-500 Hz sound were primarily
motivated by a desire to set safe exposure levels for divers for specific low frequency sonar. In
several of those studies, Bioeffects related to lung resonance were observed in animals with lung
resonance within the 100-500 Hz regions. Because the human lung resonance is in the 20-100 Hz
band, typically 30-50 Hz, these Bioeffects were not considered significant to the 100-500 Hz study.
However, that data indicated diver exposure to high intensity sound in the very low audible
frequency band may result in stimulation of internal organs, including the lungs, or effects on the
vestibular system. The authors of the 1999 NSMRL summary report wrote:

“Although no empirical data is available on the minimum SPL required to
induce lung damage at lung resonance frequency, present models of the
human lung predict that the greatest amount of tissue strain with LFS will
occur in the central airways at frequencies between 30 and 40 Hz. If tissue
damage in the lung were caused by excessive tissue deformation then these
model predictions would indicate that the greatest chance for damage to the
lung tissue would occur for low frequency sound exposures at frequencies
close to the observed lung resonance frequency.

Despite occasional extreme ratings for aversion, loudness and vibration, none
of the sound exposures (to sound within the 100-500 Hz band) resulted in an
uncontrolled or unsafe ascent to the surface. Many subjects were noticeably
nervous immediately prior to conducting the underwater sound exposures.
This nervousness was confirmed by their state anxiety scores, heart rate and
respiratory rate, which were significantly higher, pre-dive than post-dive.
During a post-test debriefing, 21% of the subjects indicated that they would
abort a dive if they were exposed to these sounds (up to 157 dB SPL) during

an open water dive.” 116

Wave transmission in the lungs was studied using an acoustic model. 284,301 The model predicted
that within the frequency range of 0-300 Hz, significant pressure amplification can occur within the
airways and at increased depth a gas density increase causes a decrease in the frequency at which

resonance occurs. This finding was counter to the prediction by Minneart 302 that lung resonance
would increase as depth increases, but experimental data supports Minneart’s analysis.

Lung resonance was studied in experiments in the U.S. (Georgia Tech) 169 and the U.K. 235 The
Georgia Tech experiments measured the lung motion of five divers in response to incident acoustic
signals in the frequency range of 50-140 Hz, first at the surface of a pool and then at 10-foot depth.
All five divers showed a lung motion peak in the vicinity of 100 Hz during the surface
measurements, but this peak was absent when the measurement was repeated at a 10-foot depth. The
reason for the disappearance of the 100 Hz peak was not identified from analysis of the data from
this experiment. The U.K. researchers exposed four divers to broadband noise in the frequency range
of 15-1500 Hz at a sound pressure level of 160 dB re 1 uPa (water standard). The divers were
instrumented to measure incident waterborne sound level, intrabuccal sound pressure, sternal
acceleration, and mask acceleration. The data indicated that lung resonance frequency increased with
depth.

In another experiment conducted at Georgia Tech in 1999 104 human lung resonance was
determined by multiple techniques at the surface and at pressures equivalent to 10 feet of seawater
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(FSW), 60 FSW and 120 FSW. Results indicated that the human lung resonance frequency is
approximately 40 Hz at the surface and increases as a function of depth to 80 Hz at 120 FSW. These
data confirm previous tests and measurements made of this parameter and support Minneart’s
hypothesis that lung resonance increases with depth.

Percy and Duykers 303 jnvestigated the effects of sound on large mammals. Measurements of lung
resonance were made for dolphin, domestic swine and human divers. During the tests at frequencies
below 100 Hz, one diver (head above water) reported sensations of vibration in the chest at an SPL of
135 dB re 1 uPa (measured 2m from the diver). The lung resonance frequency for this diver was
found to occur at 70 Hz. Subsequent tests on seven Navy divers at depths of 6 m using a variety of
breathing apparatus and wearing wet suit or not for all cases the resonance frequency was found to be

between 30-40 Hz. Initial work with domestic swine 304 investigated high intensity exposures for 3-
7 kHz and 40-80 Hz. Previously the total lung resonance of domestic swine had been reported to be
between the 40-80 Hz. The 3-7 kHz exposures at SPLs 191-214 dB re 1 pPa for 30-90 seconds
appeared to produce slight but consistent alveolar damage. The low frequency tests (also at lower

SPLs) produced no damage. A study of underwater hearing in the clawed frog 305 also reported
response peaks related to resonance of the lungs and air-filled middle ear cavity. A study of the

effects of low frequency sound on the hearing of oscar fish (Astronotus ocellatus) 229 reported that
the only damage observed was for exposure to 300 Hz tones at 180 dB re 1 uPa. No damage was
observed for exposure of fish to 60 Hz tones.

Additional data on the effects of low frequency sound on divers was reported by Mit’ko. 198 The
author identified the 40-60 Hz band as related to lung resonance and notes that tests were performed
in the 5-100 Hz band with a 110 dB re 20 pPa level (in air), which translates to a minimum level of
136 dB re 1 pPa in water to produce any effect. As previously noted in this report, Navy researchers
working on the 100-500 Hz investigations hypothesized that it was possible to induce lung
discomfort and lung damage through exposure to high intensity sound near the lung resonance

frequency. 116 Recent data reported by Parvin 300 confirmed that divers exposed to low frequency
noise (15-200 Hz) observed Bioeffects at 130 dB and terminated exposure due to lung, body and
head vibration at 172 dB.

A review of low frequency sound (1-1000 Hz) and its effect on marine mammals performed by the

National Research Council in 1994, 100 found almost no quantitative information with which to
assess the impact of low frequency noise on marine mammals. For those few marine mammals on
which hearing sensitivity data was available, low frequency sound, even at very high levels, is barely
audible. The report did not address any extra-aural effects on marine mammals that might occur as a
result of exposure to low frequency sound. Other research cited in this report indicated that an
acoustic swimmer deterrent device capable of stimulating lung resonance or other Bioeffects in
humans might produce similar results in some marine mammals. Recent data published by SSC-SD
indicates that single pure tones of one second or less at Navy sonar frequencies (between 400 Hz and
75 kHz) are not likely to produce a shift in hearing until the mammal's received SPL reaches or

exceeds 192 dB re 1 pPa. 306 307 308,309

Another Bioeffect, which may be produced by very low frequency sound, is the Tullio effect, or
direct acoustic stimulation of the vestibular system. As Parker noted in 1978,

“During the period from 1930 to the present time, several investigators have
reported responses indicative of vestibular stimulation following exposure of
human beings to high intensity acoustical stimulation. Nystagmus
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(involuntary oscillation of the eyeball elicited by vestibular or optical
stimulation) has been observed following exposure to pure tones ranging
from 200 to 2500 Hz at intensities from 120 to 160 SPL re 20 pPa (air).
Dizziness, nausea, and disturbances of postural equilibrium have been
correlated with sound stimulation at intensities and frequencies lower than
those, which are required to evoke nystagmus. These responses are believed
to reflect activation of vestibular receptors; however, the possibility that
dizziness, nausea, and equilibrium disturbance result from acoustical
stimulation of physiological systems in addition to the one associated with

vestibular receptors has not been completely eliminated.” 310

In a 1993 review of the vestibular role in sympathetic regulation, Previc 311 reported that
vestibular stimulation could elevate or depress heart rate, blood pressure and ocular reflex as well as
cause or prevent motion sickness. He hypothesized that vestibular interaction with the sympathetic
and parasympathetic systems was complex and not consistent with a single type of autonomic
influence. This statement is supported in part by anecdotal data scattered throughout the Navy
studies. Generally, the Tullio effect has been observed in patients with abnormal development of the

vestibular system, or in victims of head trauma. 287,288,312 Researchers in Finland 312 measured
the effect of exposure to 30 seconds of very low frequency sound (25, 50 and 63 Hz tones) at 130-
132 dB (air). Subjects were divided into two groups: normal and those with vertigo. Normal subjects
were unaffected by the low frequency sound exposure; in subjects with different types of inner ear
disease the vestibular system responded to exposure to low frequency sound. In 1982 Hartman
studied 365 university students who frequented discos and were exposed to music at levels above 120

dB (air). 313 Of that group, 82 exhibited Tullio symptoms, and 44 had both audiometric loss and
Tullio symptoms, indicating that continued exposure to high intensity; low frequency sound could
cause the Tullio effect. Dizziness was reported by all test divers in the recent U.K. study on sound

exposure. 300

Unfortunately, data on Bioeffects in the 20-100 Hz band is scarce, as most experiments have
focused on infrasound, or higher frequency audible sound. From the results of all the experiments
and studies reviewed for this report, it is likely that the 20-100 Hz band is the one most likely to
cause lung and/or vestibular discomfort. The most consistent factor in noise induced Bioeffects is not
frequency, but intensity, with exposure time of nearly equal importance. However, for the specific
problem of Bioeffects in divers, the lower frequencies may yield results at lower intensities due to the
impedance match between tissue and seawater, and the impedance mismatch between lung tissue and
surrounding tissue.

A number of systems, both existing and proposed, are capable of producing high intensity sound in
the 20-100 Hz band. Historically, this frequency range has been the most difficult to produce using
traditional piezoelectric transducers. Other approaches such as air guns, spark sources, and
explosives are more commonly used. Spark sources and explosives produce impulse noise, which is
high intensity, short duration sound with the majority of its energy below 500 Hz. Impulse noise will
be discussed in a following section. Two proposals to build systems for producing narrowband, or
single frequency sound in the 20-100 Hz band were located during the literature search. One system,

proposed by Lockheed Martin, 314 was intended to produce high intensity sound at 32 Hz. The
proposal claimed that the device would have Bioeffects of “intolerable discomfort, including visual
distortions, mask and sinus vibrations and thorax vibrations” for 175 dB SPL. At 6 m, a diver would
allegedly be exposed to 200 dB and risk permanent physical damage. Another proposal, from
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Weidlinger Associates, 315 gescribes a design for an air-gun based sound source capable of
producing 4-10 Hz high intensity sound, claiming that low frequency resonance of the visceral
organs in the thorax and abdomen will be excited, producing discomfort. The Lockheed proposal
contained no references or data supporting their Bioeffect claims; the Weidlinger proposal used a
single reference to the Shock and Vibration handbook. Many of the summary papers studied in the
preparation of this report warn against using a single study, or single anecdotal data point to infer the
existence of a “universal” Bioeffect. Despite the lack of evidence for claims made in these
commercial proposals, the body of literature reviewed for this report indicates that exposure to high
intensity sound in the 20-100 Hz band may cause discomfort in swimmers and divers. The data also
indicates that no single frequency will be effective on all intruders, which implies that any potential
non-lethal swimmer deterrent device should be capable of producing broadband sound in this very

low frequency band.

5.2.5.6 Impulse Noise (Startle Response)

The majority of the studies discussed thus far have all focused on continuous or pulsed tones and
their effects on humans and animals. Another type of sound is impulse noise, typically produced by
explosives, firearms, and other black- or gunpowder based weapons. Explosive distraction devices

are commonly used by law enforcement SWAT teams as distraction devices, 31 and explosive “diver
recall devices” are also used in diving activities. These devices can produce a startle response, which
is a Bioeffect that may have value in swimmer deterrence.

The startle response in reaction to unexpected impulse noise in air has been studied by researchers
interested in the effects of aircraft sonic booms, 170,316-319 reaction to gunfire, 320-325 and other

noise-related Bioeffects. 326 A 1975 report on sonic booms 327 showed that the intensity of the
startle effect increased with the amplitude of the impulse noise: at 65 dBA the subject was annoyed,;
at 71-74 dBA autonomic eye-blinks and arm-hand movements occurred in some subjects; at 81-84
dBA 90% of the subjects blinked and arm-hand movements occurred in 57%; and at 92-96 dBA 96%
of the subjects made reflex arm-hand movements. Repeated exposure to the booms (at equal

intensity) decreased subsequent reactions. 328 Von Gierke & Nixon 211 found that the effect of
sonic booms from aircraft caused a muscular startle response. Momentary decrements in performance
were observed for the more intense booms, measured immediately after the stimulus. In 1976, Kryter
investigated extra-aural Bioeffects due to noise and concluded that people were not likely to be at

risk from the possible autonomic stress responses to noise. 329

In a more recent study, 330 British researchers showed that the eye blink is an auditory reflex, not
part of the subsequent true startle response. The normal startle reflex results in eye closure,
grimacing, neck flexion, trunk flexion, slight abduction of the arms, flexion of the elbows and
pronation of the forearms. In some subjects only eye closure and flexion of the neck was apparent.
The blink reflex persisted despite the repetition of the auditory stimulus every minute. Other
researchers concluded that startle reflex magnitude was increased when the activating signal was

unpleasant or related to unpleasant memories. 331 This study reported that fear-conditioned stimuli
(such the fear of being killed or captured) increase the startle reflex. This result was supported by a
study of the startle reaction in Vietnam veterans suffering from posttraumatic stress disorder (PTSD)

332 (Orr, Lasko, Metzger, Pitman) that concluded that people with PTSD have bigger reactions to
startle tones and more normal reactions to non-startling sounds.
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An investigation of the role of auditory stimuli in sudden cardiac death found that 10% of sudden
death victims had no identifiable heart defects. Some of those cases, in retrospect, occurred after
exposure to sudden loud noises. The researchers hypothesized that neural stimulation from auditory
pathways stimulated cardiac sympathetic nerves, and that the startle reflex increased sympathetic
activity predisposing the heart to ventricular fibrillations. Some patients were also diagnosed with
long QT syndrome (an infrequent, hereditary disorder of the heart's electrical rhythm that can occur

in otherwise-healthy people). Topaz and colleagues 333 concluded that startling loud noises may
occasionally cause otherwise unexplained cardiac arrest in some individuals. A similar study by

Moss 334 found that cardiac arrest resulting from exposure to loud noise could occur under special
cases of genetic and clinical conditions.

A test of a prototype in-air impulse noise acoustic non-lethal weapon was conducted by Air Force

researchers. 166 In one experiment, 152 the effect of high intensity acoustic impulses on the behavior
of monkeys was tested. The Sequential Arc Discharge Acoustic Generator (SADAG) sound source
was capable of pulsing at frequencies up to 20 Hz. The primary goal of the test was to evaluate the
effects of infrasound, not the startle response due to audible impulse noise. The SADAG has an
output over 165 dBA (in air, A-weighted), with a majority of the energy at frequencies above 2000
Hz. The monkeys were given hearing protection for the test, and no behavioral changes were
observed when the primates were exposed to the sound source.

In a second test, pigs were used as test subjects, and no hearing protection was provided. When the
sound source was turned on, the pigs moved as far away from the sound source as possible, and
showed no interest in returning to the bar press food station. The pigs were still physically capable of
movement, but they found the sound source so aversive that they chose to remain hungry. When the
experiment was repeated, the pigs became agitated when placed in the test chamber, and refused to
go anywhere near the bar press food station. One problem with this experiment is that the sound
source also produced a bright flash and an “ozone smell” along with each sound pulse. Although an
optical barrier was used to block the flash, researchers noted that it is possible that the pigs’ aversive
reaction to the SADAG may have been related to a combination of sound, sight and smell and not the

sound pulse alone. 335

Clearly, the trend in these experimental results is that loud impulse sounds induce an autonomic
reflex, and the intensity of that reflex is influenced by the subject’s psychological state and the
presence of other sensory cues. While the startle reflex alone will not cause incapacitation, it could

contribute to diver panic. In Anxiety and Panic in Recreational Scuba Divers, Morgan 43 claims that
panic is under-reported and under-rated as a cause of diver fatality in the recreational diving
community. He reported that many stressors could cause diver panic including: vertigo,
hyperventilation, blurred vision, sensation of suffocation, or fear of immediate death/injury in
response to an unanticipated event. Similarly, National Marine Fisheries Service officials,
commenting on the potential environmental impact of a planned Navy test involving underwater
explosions, state that the potential for a startle response to have serious consequences for humans is

high, because the diver is in an unnatural, hazardous and unpredictable environment. 306 307 336 1
may be possible or desirable to induce one or more of these stressors in a diver to deter him from
remaining in a secured area. It may be possible or desirable to induce one or more of these stressors
in a diver to deter him from remaining in a secured area.

One approach to producing high intensity impulse noise is controlled explosions. Studies of
explosive diver recall devices by the Navy Experimental Diving Unit (NEDU) 122 evaluated the
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U.S. Army M-80 detonation simulator, which was also in use at the time by the Navy diving
community. The study found that the M-80 was poorly suited for diver recall because it was
classified as a class A explosive making storage and transportation extremely difficult. The M-80
required excessive modifi¢ation to function as a recall device, and the acoustic output varied
dramatically from device to device. Other commercial devices were tested and the Broco MK 2
MOD 0 was judged to be the best, based on a combination of safety and effectiveness tests. At the
time of the study (1991), the Broco MK 2 MOD 0 devices cost approximately $16 each in prototype
form, with production cost estimated at $12 each. The NEDU study evaluated safe sound pressure
and blast pressure levels, and determined that the Broco device was safe if used more than 10 m from
the diver. The Broco device was still audible at a range of 500 m.

Earlier NEDU tests of audible recall devices 121 123 defined 175 dB re 1 pPa as the |
recommended limit for diver exposure to impulse noise, with an absolute upper limit of 186 dB. The
safe exposure limit for blast pressure was defined as 2 psi-msec (2 pounds per square inch pressure
exposure in a 1 millisecond period). The impulse noise was described as very loud, but not
uncomfortable. The frequency of one device’s impulse was measured at 200-300 Hz, and no damage
to lungs or gastrointestinal tract was observed. The report notes that damage would have been
expected had the impulse energy been in the 50 Hz regions.

Exposure to high intensity impulse noise can produce temporary and permanent threshold shifts in
hearing depending on the noise intensity. At higher intensity levels, physical effects related to blast

overpressure can also occur. An Army study 337 exposed cats to howitzer and rifle blasts and
measured hearing shifts related to impulse noise with different frequency distributions. Howitzer

noise contained fewer high frequency components than rifle fire. The NEDU 120 evaluated threshold
shifts caused by impulse noise from an underwater tool with an 185 dB re 1 uPa peak. Temporary

threshold shifts were observed, but no other effects noted. Other researchers 338 have performed
animal studies to assess bladder, lung, and liver damage at threshold over pressure. Related studies of
marine mammal sensitivity to single underwater impulses conducted at SSC-SD indicate that a
temporary threshold shift in mammal hearing is not likely to occur until the received SPL reaches or

exceeds 226 dB re 1 pPa. 306 307 308,309 Explosives have remained the weapon of choice against
scuba divers for many decades: used by U.S. forces during the Vietnam conflict, 339 and in use by

foreign navies today. 340 Typically explosives are targeted directly at the diver, but as described in
this section, low-shrapnel explosive devices could be used for signaling as well as intimidation of
approaching divers as non-lethal force. Sufficient data exists on safe limits for sound pressure and
blast exposure to determine whether specific explosive diver recall devices pose a health hazard to
divers. It should be noted, however, that the startle response due to impulse noise is primarily an
annoyance, and the use of explosive recall devices does not cause any significant physical
impairment of the diver’s abilities to maneuver or continue an attack.

5.2.5.6.1 Plasma Sound Source

As observed in previous sections, there is no magic frequency, no Star Trek phaser weapon that is
a definitively safe but effective non-lethal weapon to deter swimmers and scuba divers. In the review
of existing and emerging technologies, one technology was noteworthy because it has the potential to
provide psychological and (possibly) a physiological deterrent to swimmers and divers. The
technology is a spark gap sound source, similar to that previously tested in air at Brooks Air Force

Base. 166
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Spark gap sound sources, also known as Plasma Sound Sources (PSS), have been built at ARL: UT

for use as very low frequency sonar transmitters. 341,342 The technology is relatively simple: charge
is stored in a large, high voltage capacitor bank, and when the PSS is fired, all the stored energy is
released in an arc across electrodes in the water. The underwater spark discharge creates a high-
pressure plasma/vapor bubble in water. The expansion and collapse of this bubble generates an

acoustic signature similar to the signatures generated by air guns, 354 ynderwater explosions, and
combustible sources. 343

Underwater spark discharges have been used as active sources in such roles as sub-bottom

profiling and bistatic sonar. 344 Spark sources produce impulse noise with the majority of the energy
within the 20-200 Hz band, have a high source level (215 dB re 1 pPa), and can rapidly pulse. The
frequency characteristics of the output pulse can be tuned by adjusting the mechanical design of the

electrodes. 345 ARL: UT has already built and demonstrated a boat-deployable, portable

configuration, and used that system in open water in the Gulf of Mexico. 344 Firing of the PSS
caused no obvious environmental impact, but specific effects on divers have not been tested. One
company producing a commercial plasma sound source reports that continuous operation of the PSS

for more than 3 months can kill zebra mussels attached to underwater pipelines. 355,

Figure 5.5. Plasma Sound Source electrode in water 341
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In 1992, a report from the Office of Technology Assessment (OTA) on harbor security described a
device advertised by GT Devices (a subsidiary of General Dynamics) called the Underwater
Deterrent Security System. This device was promoted as a non-lethal human swimmer defense
system, which was an array of PSS electrodes. One prototype system consisting of a 16-element
array was built for test purposes. GT Devices claimed that the 16-element device had a focus spot
only a few meters wide at a range of 200 meters. The OTA states that for a number of reasons,
neither the Defense Nuclear Agency nor the Navy chose to fund advanced development of the GT

Devices system. 346

The PSS is an attractive candidate for swimmer deterrence because it can be pulsed randomly or
repetitively, which would allow it to be used for infrasound or startle response Bioeffects. The
majority of its sound energy occurs in the 20-200 Hz regions, where data indicate that the most likely
lung and vestibular effects will occur. In addition to producing sound, it also produces a bright flash,
which was visible, in air, when the electrodes were 300 feet underwater. 344 The PSS produces no
shrapnel or projectiles, is electronically activated, has an adjustable, calibrated power level, and can
be deployed from a pier or a medium- to large patrol boat. Limited anecdotal data, collected during
PSS testing at ARL: UT’s Lake Travis facility, indicates that divers find it “very unpleasant.” ARL:
UT dive team members refuse to be in the water, even on the surface, when the PSS is operating. 347
Based on the results of this investigation, it is recommended that the PSS be evaluated, through
animal and eventual human testing, as a swimmer deterrent device.

Figure 5.6. Plasma Sound Source Fired in Small Swimming Pool 341
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6. ELECTROMAGNETIC DEVICES

Other directed energy non-lethal weapons are beginning to emerge, such as the Active Denial
System 348 developed for the Marine Corps. This microwave weapon causes a burning sensation,

like touching a hot light bulb. The device operates at 95 GHz with a 100 kW source. 349
Unfortunately, seawater absorbs high frequency energy much better than air, which means that the
microwave weapon would be ineffective. The microwave weapon transmits a narrow beam of
energy, which would be difficult to target against a subsurface threat at unknown depth.

Figure 6.1. Active Denial System 348

The effects of electromagnetic fields on humans have been studied 194,350,351 primarily in
relation to long term exposure to electrical power lines, and at present no significant Bioeffects have
been identified in normal humans. One study reported that exposing test subjects suffering from

muscular dystrophy to weak magnetic fields improved reticular sensory-motor integration. 350

The use of magnetic fields to attack diver equipment was considered, since tanks and compasses
might be affected by a strong magnetic field. One approach was to drag a loop of wire beneath a
patrol boat, and put sufficient current through that loop to generate a magnetic field, which would
cause a diver’s compass to read incorrectly, thus causing the diver to veer off course. A rough

calculation 352 showed that it would take approximately 7 kW of power to energize a loop of wire
that would significantly affect the earth’s magnetic field down to a depth of 15 feet below a patrol
boat. As the wire loop size increases, unfortunately, the power requirement increases exponentially.
To affect the magnetic field down to 30 feet, for example, would require 64 times more power, or
448 kW. In order for this approach to be effective, the loop would have to be deployed from a patrol
boat near the diver, which implies that a large power source supplying high current would have to be
installed on a patrol boat.
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7. TOWARD A NON-LETHAL SWIMMER DETERRENT DEVICE

Future research into swimmer deterrence should involve additional animal and human testing
similar to that performed in the recent U.S. Navy and Joint Non Lethal Weapons Directorate studies
on low frequency sound Bioeffects in air and water. Specifically the Bioeffects of exposure to high
intensity sound in the 20-100 Hz band, and high intensity impulse noise, should be studied to
determine if lung function or vestibular activity is affected, and whether those Bioeffects are both
discomforting and temporary. No non-lethal swimmer deterrent weapon should be fielded without
this essential performance verification step.
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8. SUMMARY

All existing and emerging technologies appropriate for use as a swimmer deterrent were evaluated
through literature review and discussions with users and researchers. In general, the most promising
solutions are acoustic in nature, because of the high cost and/or performance potential or availability
of other technologies. The law enforcement use-of-force model was applied to the waterfront security
swimmer problem, and the following recommendations were made:

(1) Waterfront “command presence” should be improved by the presence of appropriately
equipped patrol boats and floating barriers that clearly mark the boundaries of protected areas.

(2) The capability to clearly communicate verbal commands to a diver should be improved.

Commercial acoustic communication systems 244,245 353 designed for diver recall should be
standard equipment on waterfront security patrol boats. In the fall of 2001, U.S. Navy Waterside
Security System and U.K. diver hearing researchers will conduct a comparison test of commercial

acoustic diver recall devices. This testing will include intelligibility 354 and maximum range
measurements and an evaluation of whether those attributes can be improved by modifications,

which will compensate for the frequency response of diver hearing. 236 The results of that test will
be reported in a separate document.

(3) Acoustic sound sources producing high intensity, very low frequency sounds are the only
technology capable of providing large area coverage at a reasonable cost. Additional testing is
necessary to determine which specific frequencies and power levels are required to cause temporary
discomfort of sufficient intensity to motivate approaching swimmers or divers to abandon their
intrusion into a protected area. It is also recommended that any sound source used as a swimmer
deterrent be used only in response to a high threat condition or swimmer detection sonar alarm, to
minimize any environmental impact caused by the high intensity sound. As with other non-lethal
weapons already in use, any future acoustic non-lethal weapon will have varying degrees of
effectiveness, and may fail to deter, or may permanently injure or kill a certain percentage of those
exposed to its output. As explained previously these risks are inherent to all weapons, both lethal and
non-lethal. Given the existing need for a non-lethal response and the Navy’s lack of existing
capabilities in this area, continued investigation of sound sources identified in this report, particularly
those which emit sound in the 20-100 Hz band, is strongly encouraged.

49



10.

11.

12.

13.

14.

15.

9. BIBLIOGRAPHY

Contact author for information.

Hollis Boehme, “An Analysis of Bistatic Doppler Sonar Receiver Performance,” Technical
Memorandum No. ARL-TM-80-16, Applied Research Laboratories, The University of Texas at
Austin (1980).

- Hollis Boehme, Garland Barnard, Larry Mellenbruch, and Danny Dickens, “Bistatic Doppler

Underwater Intrusion Detection Sonar,” U.S. Patent No. US4349897 (1981).

Karl W. Rehn, “Acoustic Systems and Signal Processing Techniques for the Detection and
Classification of Swimmers,” Technical Report No. ARL-TR-92-4, Applied Research
Laboratories, The University of Texas at Austin (1992).

Karl W. Rehn, “Detection and Classification of Moving Objects Using a Stationary, High
Resolution Pulse Sonar,” master's thesis, The University of Texas at Austin, 1993.

“Joint Non-Lethal Weapons Program: 1997 - A Year in Review” Joint Non-Lethal Weapons
Directorate, Washington, D.C., 23 pages (1997).

“1998 - A Year of Progress” Joint Non-Lethal Weapons Directorate, Washington, D.C., 24 -
pages (1998).

First Annual Non-Lethal Technology and Academic Research Symposium, Joint Non-Lethal
Weapons Directorate and National Institute of Justice, Quantico, Virginia, 3-6 May 1999
(unpublished).

Steven Metz and James Kievit, “The Revolution in Military Affairs and Conflict Short of War,”
U.S. Army War College, 37 pages (1994).

Sid Perkins, “Not-So-Deadly Force: The Search for a Kinder, Gentler Knockout Punch,” Science
News 153, 156-157 (1998).

Greg Meyer, “Nonlethal Weapons vs. Conventional Police Tactics: Assessing Injuries and
Liabilities,” The Police Chief August 10-17 (1992).

Michael R. Smith and Geoffrey P. Alpert, “Less Than Lethal Force: A Safe and Reasonable
Response to Suspect Resistance,” presented at the First Annual Non-Lethal Technology and
Academic Research Symposium 1999, Quantico, Virginia (1999).

Paul R. Camacho, “Nonlethal Weapons: War Without Death,” book review, Armed Forces and
Society: An Interdisciplinary Journal 24 (3), 463 (1998).

ADM Harold W. Gehman, Jr., “Lost Patrol: The Attack on the Cole,” Naval Institute Proceedings
April 34-37 (2001).

Kyle Garland, “Non-Lethal Weapons System Engineering Study Team," Seminar 6 (Joint
Military Operations), Navy War College, Newport, Rhode Island, pp. 1-19 (1998).

51




16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Harold C. Bass, “Non-Lethal Weapons and Conventional War: Facing the Commander's Issues
and Dilemmas,” Naval War College, Newport, Rhode Island, pp. i-18 (1998).

Robin M. Coupland, “'Non Lethal' Weapons: Precipitating a New Arms Race,” British Medical
Journal 314 (7100), 72 (1997).

Kyle Garland, “Nonlethal Weapons: Impact and Utility Concerns for Operational Commanders
in Future Conflicts,” Seminar 6 (Joint Military Operations), Navy War College, Newport, Rhode
Island, pp. 1-19 (1998).

Maj. Joseph W. Cook, Maj. David P. Fiely, and Maj. Maura T. McGowan, “Nonlethal Weapons -
Technologies, Legalities, and Potential Policies,” Airpower Journal, Special Edition (1995).

Kenneth Krueger, Karl Rehn, Matt Evans, et al., “ “Integrated Navigation Sonar Sensor (INSS)
MK 17 MOD 0, Operation and Maintenance," Applied Research Laboratories, The University of
Texas at Austin (2000).

Keith Lent and Karl Rehn, “Intruder Detection Distributed Array,” Final Report, Applied
Research Laboratories, The University of Texas at Austin (1999).

S. Parvin, “Acoustic Signatures of Swimmers,” Undersea Defense Technology, Hamburg,
Germany (2001).

“Protester Paints Hull of Nuclear Sub,” BBC News, Vol. 2001 (28 April 2001).

“Safe Diving Distances from Transmitting Sonar,” in U.S. Navy Diving Manual, Revision 4
(Naval Sea Systems Command, Washington, D.C., 1999), Section IA.

Kenneth Krueger and Bernard Maldonado, “Swimmer Detection Sonar (AN/WQX-2),”
Technical Manual No. ARL-TMAN-96-3, Applied Research Laboratories, The University of
Texas at Austin (1996).

Karl W. Rehn, “WQX-2 Sonar Capabilities,” Applied Research Laboratories, The University of
Texas at Austin (2000).

Robert Rogers, David Fisher, and Heinrich Foltz, “Development and Tests of a Low Cost Passive
Millimeter Wave Sensor,” Technical Report No. ARL-TR-97-3, Applied Research Laboratories,
The University of Texas at Austin (1997).

John Pierpont Morgan, “Oleoresin Capsicum Policy Considerations,” The Police Chief 59(8), 22-
25 (1992).

Eugene V. Morabito, “Police Use of Nondeadly Force: Oleoresin Capsicum Spray,” School of
Criminology and Criminal Justice, Florida State University, 1996.

“Oleoresin Capsicum: Pepper Spray as a Force Alternative,” National Institute of Justice ’
Technology Assessment Program, National Institute of Justice, Washington, D.C., pp. 1-6 l
(1994).

Paul Ford, “Discussions Regarding Non Lethal Weapons Training for Police,” 2000 (private
communication).

52



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

Greg Hamilton and John Holschen, “Discussions Regarding Non Lethal Weapons Training for
Police,” 2000 (private communication).

Deborah F. Billmire, Charles Vinocur, Maureen Ginda et al., “Pepper-Spray-Induced Respiratory
Failure Treated with Extracorporeal Membrane Oxygenation,” Pediatrics 98 (3), 961-964 (1996).

John Granfield, Jami Onnen, and Charles S. Petty, “Pepper Spray and In-Custody Deaths,” in
RCMP Gazette 56, 12-17 (1994).

John C. Hunter, “Pepper Spray” and “Focus on the Use of Force,” FBI Law Enforcement
Bulletin 63 (5), 24-26, 1994.

David K. Dubay and Rusty E. Rush, “Health Risk Analysis of First Defense Pepper Spray Using
an Acute Whole-Body Inhalation Exposure,” Defense Technology Corporation, Casper,
Wyoming, pp. 1-6 (1998).

Monty B. Jett, “Pepper Spray,” The FBI Law Enforcement Bulletin 66 (11), 17-24 (1997).

Marianne Zawitz and Kevin Strom, “Firearm Injury and Death from Crime, 1993-1997,” Report
No. NCJ 182993, Bureau of Justice Statistics, Washington, D.C., p. 8 (2000).

Vincent J. M. DeMaio, Gunshot Wounds (CRC Press, Boca Raton, Florida, 1993),

“Firearm Injuries and Fatalities,” Web page, Center for Disease Control, http://www.cd
c.gov/ncipc/factsheets/fafacts.htm (2001).

John M. Kenny, “Are You Sure It's Non Lethal?” Naval Institute Proceedings April 70-72
(2001).

U.S. Navy Diving Manual, Revision 4 (Naval Sea Systems Command, Washington, D.C., 1999).

William P. Morgan, “Anxiety and Panic in Recreational Scuba Divers,” Sports Medicine 20 (6),
398-421 (1995).

J. S. Raglin, “Psychobiological Antecedents of Panic in Scuba Diving,” presented at the
Symposium on Aviation Psychology, 1997 (unpublished).

Jason J. Bortz, “New Weapons Provide Alternative for Marines Dealing with Non-Combatants,”
in MCCDC, pp. 1-3 (1998).

Col. John B. Alexander, Future War: Non-Lethal Weapons in Twenty-First Century Warfare (St.
Martin's Press, New York, 1999).

Robert J. Bunker, “Less-Than-Lethal Weapons: Reference Guidebook, (National Law
Enforcement and Corrections Technology Center - West, Los Angeles, California, 2000).

“12-Gauge Impact Munitions,” Web page, Defense Technology Corporation of America,
http://global-enforcement.com/fall00/munitions.shtml (2001).

53




49.

50.

51

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.
63.

64.

63.

Donald O. Egner and Ellsworth B. Shank, “Modeling for Less-Lethal Electrical Devices,”
Technical Memorandum No. HEL-TM-3-76, Human Engineering Laboratory, Aberdeen Proving
Ground, Maryland, p. 25 (1976).

Donald O. Egner, “The Evaluation of Less-Lethal Weapons,” U.S. Army Human Engineering
Laboratory, Maryland, pp. i-194 (1977).

Donald O. Egner and Larry W. Williams, “ “Standard Scenarios for the Less-Lethal Weapons
Evaluation Model,” “Technical Memorandum 20-75, U.S. Army Human Engineering
Laboratory, Maryland, pp. 1-37 (1975).

Mehl Le, “Electrical Injury from Tasering and Miscarriage,” Acta Obstetricia et Gynecologica
Scandinavica 71 (2), 118-123 (1992).

“Taser International Home Page,” Web page, Taser Corporation, www.taser.com (2000).

Ed Belcher and Brian Matsuyama, “Dual Frequency Identification Sonar,” Applied Research
Laboratories, University of Washington, Seattle, Washington (2001).

Jeff Haun, U.S. Navy Marine Mammal Program Brochure, (Space and Naval Warfare Systems
Center, San Diego, California, 2001).

Nathan Crow, “Marine Mammal,” Applied Research Laboratories, The University of Texas at
Austin (2000).

“Benthos Telesonar Modems,” Web page, Benthos Corporation, http://www.benthos.com (2001).

James Piper, “ROV,” Applied Research Laboratories, The University of Texas at Austin (2000).

Chuck Pell and Hugh Crenshaw, “Microhunter: Miniature Underwater Vehicles,” Duke
University, Austin, Texas (2001).

E. Ethridge, J. Janet, R. Robinette, R. Byrne, and R. Shaum, “Teams of Miniature Autonomous
Underwater Vehicles for 3D Plume Tracing,” Nekton Research, LLC, San Dimas, California

(2001).

Keith Lent and Lee Thompson, “Low Cost Integrated Sensors AUV,” PowerPoint presentation,
Applied Research Laboratories, The University of Texas at Austin (2001).

“Unmanned Harbor Security Vehicle,” Navtec, Inc., W. Palm Beach, Florida (2001).

“Research in SSBN Force - Enhancements to In-Port Security Underwater,” Sonalysts, Inc., for
Chief of Naval Operations (OP 213), Waterford, Connecticut (1990).

P. Harris and P. Cole, “Security Assessment of Safe Barrier Systems (RESTRICTED),” Special
Services Group (2000) (UK RESTRICTED).

Ed Baxter, “Discussions Regarding Barriers for Swimmer Detection,” 2001 (private
communication).

54




66.

67.
68.

69.
70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

“AQUAMESH-Fiber Optic Alarmed Underwater Security Barrier,” Office of Naval Research,
European Office, p. 2 (1989).

“Aquamesh,” Riverdale Mills, Northbridge, Massachusetts (2001).

Christine Erbe and David M. Farmer, “A Software Model to Estimate Zones of Impact on Marine
Mammals Around Anthropogenic Noise,” J. Acoust. Soc. Am. 108, 1327-1331 (2000).

“Product Catalog,” Sure Fire, Fountain City, California (2001).
Andy Stanford, Fight at Night (Paladin Press, Boulder, Colorado, 2000).

Michael McMillan, “Discussions Regarding Non Lethal Weapons Training for Police,” 2001
(private communication).

Harry Diamond Laboratories, “DISPERSE: A Survey of Relevant Literature and Research
Activities,” U.S. Army Materiel Command, Adelphi, Maryland (1975).

Harry Diamond Laboratories, “DISPERSE: An Assessment of the Utility of Future Effort on
'Aversive Audible Acoustic Stimuli,” U.S. Army Materiel Command, Adelphi, Maryland (1975).

Harry Diamond Laboratories, “DISPERSE: Considerations for Developing Nonpermanently
Damaging Crowd Control Devices,” U.S. Army Materiel Command, Adelphi, Maryland (1975).

Lionel Carmant, Uri Kramer, Gregory L. Holmes et al., “Differential Diagnosis of Staring Spells
in Children: A Video-EEG Study,” Pediatric Neurology 14 (3), 199-202 (1996).

Anne Donnet and F. Bartolomei, “Migraine with Visual Aura and Photosensitive Epileptic
Seizures,” Epilepsia 38 (9), 1032-1034 (1997).

A.J. Wilkins, C. E. Darby, C. D. Binnie et al., “Television Epilepsy - The Role of Pattern,”
Electroencephalography & Clinical Neurophysiology 47 (2), 163-171 (1979).

R. Rogozea and V. Florea-Ciocoui, “The Orienting Reflex in Epilepsy,” European Neurology 9
(5), 275-286 (1973).

J. Micheloyannakis and A. Ionnidou, “Reflex Epilepsy,” Journal of Child Neurology 1 (4), 382-
383 (1986).

A. V. Akulichev, N. V. Ivanova, A. F. Semiokhina et al., “Differential Expression of C-FOS
Gene in Brain Cells of Rats with Audiogenic Epilepsy,” Doklady Akademii Nauk SSSR 312 (1),
227-229 (1990).

Astrid G. Chapman, Stuart E. Smith, and Brian S. Meldrum, “The Anticonvulsant Effect of the
Non-NMDA Antagonists, NBQX and GYKI 52466, in Mice,” Epilepsy Research 9, 92-96
(1991).

L-X. Zhang, Y. Zhou, Y. Du et al., “Effect of CCK-8 on Audiogenic Epileptic Seizure in
P77PMC Rats,” Neuropeptides 25, 73-76 (1993).

55



83. J. L. Fuller and F. H. Sjursen, Jr., “Audiogenic Seizures in Eleven Mouse Strains,” Journal of
Heredity 58 (3), 135-140 (1967).

84. D. L. Seliger, “Prenatal Maternal D-Amphetamine Effects on Emotionality and Audiogenic
Seizure Susceptibility of Rat Offspring,” Developmental Psychobiology 8 (3), 261-268 (1975).

85. Thomas N. Seyfried, “Audiogenic Seizures in Mice,” Federation Proceedings 38 (10), 2399-2404
(1979).

86. Ebere Anyanwu and Naomi Anna Watson, “Visually-Evoked Pattern and Photomyoclonic
Responses in Video Game and Television Epilepsy: Case Reports,” APPTLA 46, 177-184

(1996).

87. Christopher J. Millet, David R. Fish, and Pamela J. Thomson, “A Survey of Epilepsy -Patient
Perceptions of Video-Game Material/Electronic Screens and Other Factors as Seizure
Precipitants,” Seizure 6, 457-459 (1997).

88 A.S. Petrukin, K. Yu. Mukhin, L. M. Kolpakchi et al., “Television Epilepsy,” Department of
Neurology, Division of Pediatric Medicine, Russian State Medical University, Moscow, USSR

(1997).

89. Stefano Ricci, Federico Vigevano, Mario Manfredi ef al., “Epilepsy Provoked by Television and
Video Games: Safety of 100 Hz Screens,” Neurology 50, 790-793 (1998).

90. F. Fylan and G. F. A. Harding, “The Effect of Television Frame Rate on EEG Abnormalities in
Photosensitive and Pattern-Sensitive Epilepsy,” Epilepsia 38 (10), 1124-1131 (1997).

91. Senqi Hu, Wanda F. Grant, Robert M. Stern et al., “Motion Sickness Severity and Physiological
Correlates During Repeated Exposures to a Rotating Optokinetic Drum,” Aviation, Space and
Environmental Medicine April, pp. 308-314 (1991).

92. H. Larrimore,* “Defensive/Offensive Underwater Lighting for Waterborne Assets,” Proposal No.
92001, Spectra A*M Associates, pp. 1-24 (2001).

93. Robert Urick, Principles of Underwater Sound, 3rd ed. (McGraw Hill, New York, 1983).
94. «“Anti-Crowd Weapons Work by Causing Fits,” New Scientist (1973).

95. Gerry Vassilatos, “The Sonic Weapon of Vladimir Gavreau,” Web page, http://www.bo
rderlands.com/archives/arch/gavreaus.htm (2001)

96. “Army Tests New Riot Weapon,” New Scientist (1973).

97. Nick Lewer and Steven Schofield, Non-Lethal Weapons: A Fatal Attraction? (Zed Books,
Atlantic Highlands, New Jersey, 1997).

98. John B. Alexander, “Introduction to Non-Lethal Defense III Proceedings,” presented at Non-
Lethal Defense III, Laurel, Maryland, 1998 (unpublished).

99. “High Power Acoustics for DSWA Recapture Operations,” Scientific Applications and Research
Associates, Inc. (SARA), Huntington Beach, California 88 pages (2000).

56




100.  row-F requency Sound and Marine Mammals, National Research Council (National Academy
Press, Washington, D.C., 1994).

101.  JohnE.K. Foreman, Sound Analysis and Noise Control (Van Nostrand Reinhold, New York,
1990).

102. E. Michael Pestorius, “Effects of Low Frequency Waterborne Sound on Divers,” Technical
Report No. ARL-TR-96-5, Applied Research Laboratories, The University of Texas at Austin,
pp. i-75, (1996).

103. Matthew 1J. Swiergosz, “Determination of Toxicity Associated with Exposure to Low
Frequency Sound,” proposal, Naval Medical Research Center, Bethesda, Maryland (1999).

104.  Ppeter H. Rogers and James S. Martin, “Measurement of the Vibration Response to Low
Frequency Underwater Sound of Air-Filled Spaces in Divers and Animal Models,” proposal,
School of Mechanical Engineering, Georgia Tech, Atlanta, Georgia (1999).

105. Djane Dalecki, “Response of Biological Tissues to Low Frequency Underwater Sound,”
proposal, University of Rochester, Rochester, New York (1999).

106.  Michael D. Waltz, David Fothergill, and John R. Sims, “Measuring Aversion and Startle
Response in Divers Exposed to Low Frequency (500-2500 Hz) Waterborne Sound,” proposal,
Naval Submarine Medical Research Laboratory, Groton, Connecticut (1999).

107. g, Borg, “Physiological Aspects of the Effects of Sound on Man and Animals,” Acta Oto-
Laryngologica - Supplement 360, 80-85 (1979).

108.  Gunnar Borg, “A Category Scale with Ratio Properties for Intermodel and Interindividual
Comparisons,” Psychophysical Judgment and the Process of Perception, eds. H. -G. Geissler and
P. Petzold (Elsevier, Amsterdam, 1982), pp. 25-34.

109.  Martha R. Sleutel, “An Overview of Vibroacoustic Stimulation,” JOGNN Nov/Dec, 447-452
(1989).

110.  paul F. Smith, Robert Howard, Martin Harris et al., “Underwater Hearing in Man: A
Comparison of Temporary Threshold Shifts Induced by 3500 Hertz Tones in Air and
Underwater,” Submarine Medical Research Laboratory, Groton, Connecticut, pp. i-4 (1970).

111. paul F. Smith, Robert Sylvester, Frances Baran et al., “Development of a General Hearing
Conservation Standard for Diving Operations: Experiment I, Comparison of Temporary Auditory
Threshold Shifts Induced by Intense Tone in Air and Water,” NSMRL Report 1203, Naval
Submarine Medical Research Laboratory, Groton, Connecticut, pp. i-19 (1996).

112. paul F. Smith, “Effects of Exposure to Intense Tones in Water While Wearing Wet Suit
Hoods,” NSMRL Report 1120, Naval Submarine Medical Research Laboratory, Groton,
Connecticut pp. 11-77 (1988).

13.  Ppaul F. Smith, John Wojtowicz, and Susan Carpenter, “Temporary Auditory-Threshold Shift
Induced By Repeated Ten-Minute Exposure To Continuous Tones In Water,” NSMRL Report
1122, Naval Submarine Medical Research Laboratory, Groton, Connecticut, pp. i-12 (1988).

57



114.  payl F. Smith, “Development of Hearing Conservation Standards for Hazardous Noise
Associated with Diving Operations,” NSMRL Report 1020, Naval Submarine Medical Research
Laboratory, Groton, Connecticut, pp. 467-470 (1984).

115. paul F. Smith and William L. Hunter, Jr., “On the Effects of Exposure to Intense Underwater
Sound on Navy Divers: A Report of a Conference on the Bio-Effects of Sound,” NSMRL Report
80-1, Naval Submarine Medical Research Laboratory, Groton, Connecticut, pp. 1-21 (1980).

116.  Edward Cudahy, Eric Hanson, and David Fothergill, “Summary Report on the Bioeffects of
Low Frequency Water Borne Sound,” Naval Submarine Medical Research Laboratory, Groton,

Connecticut, pp. 1-32 (1999).

117.  paul F. Smith, “Underwater Hearing in Man: L. Sensitivity,” NSMRL Report 569, Naval
Submarine Medical Research Laboratory, Groton, Connecticut, pp. i-23 (1969).

118.  paul F. Smith, Albert Yonovitz, and Gilbert Dering, “Underwater Hearing in Man: IIl. An
Investigation of Underwater Sound Localization in Shallow and Noisy Water,” NSMRL Report
779, Naval Submarine Medical Research Laboratory, Groton, Connecticut, pp. i-13 (1974).

119. . C. Steevens, R. Sylvester, and J. Clark, “Effects of Low-Frequency Water-Borne Sound on
Divers: Open Water Trial,” NSMRL Report 1208, Naval Submarine Medical Research
Laboratory, Groton, Connecticut, pp. i-k2 (1997).

120. J. A. Sterba, “Evaluation of an Impulse Noise Producing Underwater Tool on Hearing in
Divers,” Navy Experimental Diving Unit, Panama City, Florida, pp. i-25 (1987).

121. J. A. Sterba, “Evaluation of an Impulse Noise Producing Underwater Explosive Device on
Hearing in Divers,” Report No. 10-87, Navy Experimental Diving Unit, Panama City, Florida,
pp- i-14 (1987).

122.  Garry Ashton and Joseph J. Sabo, “Comparison Evaluation of Explosive Diver Recall
Devices,” Report No. 09-91, Navy Experimental Diving Unit, Panama City, Florida, pp. i-18
(1991).

123.  Garry Ashton and John A. Sterba, “Audible Recall Device,” Report No. 2-89, Navy
Experimental Diving Unit, Panama City, Florida, pp. i-11 (1989).

124. M. D. Curley and M. E. Knafelc, “Evaluation of Noise Within the MK 12 SSDS Helmet and
Tts Effect on Diver's Hearing,” Undersea Biomedical Research 14 (3), 187-204 (1987).

125. N.B. Hampson and R. G. Dunford, “Pulmonary Edema of Scuba Divers,” Undersea and
Hyperbaric Medical Society, Inc., pp. 29-33 (1997).

126. Y. Hollien, J. W. Hicks, and B. Klepper, “An Acoustic Approach to Diver Navigation,”
Undersea Biomedical Research 13 (1), 111-1287 (1986).

127. . C. Steevens, K. L. Russell, M. E. Knafelc et al., “Noise-Induced Neurologic Disturbances
in Divers Exposed to Intense Water-Borne Sound: Two Cases Reported,” Undersea and
Hyperbaric Medical Society, Inc., 261-265 (1999).

58




128. R, Fecci, R. Barthelemy, J. Bourgoin et al., “The Action of Infrasonic Waves on the Body,”
Medicina del Lavoro 62 (2), 130-150 (1971).

129. 5. V. Alekseev and N. A. Mozzhukhina, “Mechanism of the Effect of Infrasound on the Body
of Animals and Man,” Gigiena Truda i Professional Nye Zabolevaniia 9, 35-37 (1983).

130. s.v. Alekseev, V. V. Glinchikov, and V. R. Usenko, “Myocardial Ischemia in Rats Exposed
to Infrasound,” Gigiena Truda i Professional Nye Zabolevaniia 8, 34-38 (1983).

131. v.D. Balunov, A. F. Barsukov, and V. G. Artamonova, “Clinical and Functional Evaluation
of Health Status of Workers Exposed to Infrasound, Noise and General Vibration,” Meditsina
Truda i Promyshlennaia Ekologiia 5, 22-26 (1998).

132. Michael Bryan and William Tempest, “Does Infrasound Make Drivers 'Drunk'?” New
Scientist March (1972).

133. R. G. Busnel and A. G. Lehman, “Infrasound and Sound: Differentiation of Their Psycho
physiological Effects Through Use of Genetically Deaf Animals,” J. Acoust. Soc. Am. 63 (3),
974-977 (1978).

134. A s, Gordeladze, V. V. Glinchikov, and V. R. Usenko, “Experimental Myocardial Ischemia
Caused by Infrasound,” Gigiena Truda i Professional Nye Zabolevaniia 6, 30-33 (1986).

135. . Handel and P.J ansson, “Infrasound—Occurrence and Effects,” Lakartidningen 71 (16),
1635-1639 (1974).

136. N.F. Izmerov, G. A. Suvorov, N. A. Kuralesin et al., “Infrasound: Body's Effects and
Hygienic Regulation,” Vestnik Rossiiskoi Akademii Meditsinskikh Nauk 7, 39-46 (1997).

137. N. A. Kuralesin, “Hygienic and Biomedical Aspects of the Effects of Infrasound,” Meditsina
Truda i Promyshlennaia Ekologiia 5, 8-14 (1998).

138. it Landstrom, “Laboratory and Field Studies on Infrasound and Its Effects on Humans,”
Journal of Low Frequency Noise, pp. 29-33 (1987).

139. p. 7. Lim, D. E. Dunn, D. L. Johnson ef al., “Trauma of the Ear from Infrasound,” Acta Oto-
Laryngologica 94 (3-4), 213-231 (1982).

140. K. Okamoto, “Effects of Infrasound on the Human Body,” Nippon Jibiinkoka Gakkai Kaiho
88 (5), 720-723 (1985).

141. Luszczynska M. Pawlaczyk, “The Influence and Sources of Infrasound: Review of
Literature,” Medycyna Pracy 49 (5), 489-492 (1998).

142. M. 1. U. Safonov, “Histoenzymatic Characteristics of the Myocardium Exposed to
Infrasound,” Gigiena Truda i Professionally Zabolevaniia 12, 52-55 (1978).

143. 11, Shvaiko, I. P. Koairin, 1. A. Mikhaliuk et al., “Effect of Infrasound on the Metabolism of
Microelements in the Body,” Gigiena i Sanitariia 9, 91-92 (1984).

59



144. g 1. Sidorenko, S. A. Obrubov, and A. R. Tumasian, “Experience of Clinical Use Infrasound
Pneumomassage in the Treatment of Progressive Myopia in Schoolchildren,” Vestnik
Oftalmologii 113 (3), 18-20 (1997).

145. v 1. Svidovyi, “Mechanism of Perception and Effect of Infrasound on the Bodies of
Experimental Animals and Man,” Gigiena i Sanitariia 3, 88-89 (1987).

146.  v.1. Svidovyi, “Mechanism of Perception and Effect of Infrasound on the Bodies of
Experimental Animals and Man,” Gigiena i Sanitariia 3, 88-89 (1987).

147. v.V. Glinchikov and V. L. Svidovyi, “Effect of Infrasound on Pulmonary Structure,” Gigiena
Truda i Professional Nye Zabolevaniia 1, 34-37 (1987).

148. v 1. Svidovyi and L. V. Kitaeva, “Evaluation of Cytogenetic Activity in Bone Marrow Cells
Exposed to Infrasound,” Meditsina Truda i Promyshlennaia Ekologiia 5, 42-44 (1998).

149. 1. B. Westin, “Infrasound: A Short Review of Effects on Man,” Aviation Space &
Environmental Medicine 46 (9), 1135-1140 (1975).

150. . S. Harris, H. C. Sommer, and D. L. Johnson, “Review of the Effects of Infrasound on
Man,” Aviation Space & Environmental Medicine 47 (4), 430-434 (1976).

151. . S. Harris and D. L. Johnson, “Effects of Infrasound on Cognitive Performance,” Aviation
Space & Environmental Medicine 49 (4), 582-586 (1978).

152.  “The Infra-Sound Test System (ITS): Effects of Infrasound on Non-Human Primate
Performance on Primary Equilibrium Platform Task,” Radio Frequency Radiation Branch, Air
Force Research Laboratory, Brooks Air Force Base, San Antonio, Texas (1999).

153.  “Infrasound: Subjective Effects,” The Lancet (1973).

154. vy Takahashi, Y. Yonekawa, K. Kanada et al., “An Infrasound Experiment System for
Industrial Hygiene,” Industrial Health 35 (4), 480-488 (1997).

155.  V.F. Anichin and A. S. Nekhoroshev, “Reaction of Vessels of the Middle Ear System of the
Guinea Pig in Response to Exposure to Infrasound,” Gigiena Truda i Professional Nye
Zabolevaniia 9, 43-44 (1985).

156. §.Z. Child, C. L. Hartman, L. A. Schery et al., “Lung Damage from Exposure to Pulsed
Ultrasound,” Ultrasound in Medicine and Biology 16 (8), 817-825 (1990).

157.  Diane Dalecki, Carol H. Raemon, Sally Z. Child et al., “Intestinal Hemorrhage from Exposure
to Pulsed Ultrasound,” Ultrasound in Med. and Biol. 21 (8), 1067-1072 (1995).

158.  1saak Efimovich El'piner, Ultrasound: Physical, Chemical, and Biological (Consultants
Bureau, New York, 1964).

159.  Christy K. Holland, Cheri X. Deng, Robert E. Apfel et al., “Direct Evidence of Cavitation In
Vivo from Diagnostic Ultrasound,” Ultrasound in Med. and Biol. 22 (7), 917-925 (1996).

60




160.  William D. O'Brien and James F. Zachary, “Lung Damage Assessment from Exposure to
Pulsed-Wave Ultrasound in the Rabbit, Mouse, and Pig,” IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control 44 (2), 473 (1997).

161. M. H. Repacholi, M. Grandolfo, and A. Rindi, “Ultrasound: Medical Applications, Biological
Effects, and Hazard Potential (Plenum Press, New York, 1987).

162. C.H.Raeman, S. Z. Child, D. Dalecki et al., “Exposure-Time Dependence of the Threshold
for Ultrasonically Induced Murine Lung Hemorrhage,” Ultrasound in Med. and Biol. 22 (1), 139-
141 (1995).

163. Harry Moore, “Non Lethal Acoustic Weapon Data Repository,” ARDEC - Picatinny Arsenal
2000, (2000).

164.  Michael R. Murphy, “Biological Effects of Non-Lethal Weapons: Issues and Solutions,”
Directed Energy Bioeffects Division, Human Effectiveness Directorate, Air Force Research
Laboratory, Brooks Air Force Base, Texas, pp. 1-7 (1998).

165.  “Effects of High Intensity Continuous Wave Acoustic Energy in the Low Sonic Frequency
Range on the Conscious Pig,” Radio Frequency Radiation Branch, Air Force Research
Laboratory, San Antonio, Texas (1998).

166.  «Four Prototypes,” Air Force Research Laboratory, Brooks Air Force Base, San Antonio,
Texas (2001).

167.  David T. Blackstock, Fundamentals of Physical Acoustics, 1st ed. (John Wiley and Sons,
Austin, Texas, 2000).

168.  D. McFadden, H. S. Plattsmier, and E.G. Pasanen, “Temporary Hearing Loss Induced by
Combinations of Intense Sounds and Nonsteroidal Anti-Inflammatory Drugs,” American Journal
of Otolaryngology 5 (4), 235-241 (1984).

169.  peter H. Rogers, “Response of the Lungs to Low Frequency Underwater Sound,” Georgia
Institute of Technology, Atlanta, Georgia, pp. 1-27 (1996).

170. y. Ando and H. Hattori, “Effects of Intense Noise During Fetal Life upon Postnatal
Adaptability (Statistical Study of the Reactions of Babies to Aircraft Noise),” J. Acoust. Soc. Am.
47 (4), 1128-1130 (1970).

171.  Sabaratnam Arulkumaran, David G. Talbert, Margareta Nyman et al., “Audible In Utero
Sound Caused by the Ultrasonic Radiation Force from a Real-Time Scanner,” J. Obstet.
Gynaecol. Res. 22 (6), 523-527 (1996).

172. s, Arulkumaran, B. Skurr, H. Tong et al., “No Evidence of Hearing Loss Due to Fetal
Acoustic Stimulation Test,” Obstetrics and Gynecology 78 (2), 283-285 (1991).

173. S, Arulkumaran, D. Talbert, T. S. Hsu et al., “In-Utero Sound Levels When Vibroacoustic
Stimulation Is Applied to the Maternal Abdomen: An Assessment of the Possibility of Cochlea
Damage in the Fetus,” British Journal of Obstetrics and Gynecology 99, 43-45 (1992).

61



174. K. ]. Gerhardt, R. M. Abrams, B. M. Kovaz et al., “Intrauterine Noise Levels Produced in
Pregnant Ewes by Sound Applied to the Abdomen,” Am. J. Obstet. and Gynecol. 159 (1), 228-
232 (1988).

175. Kenneth J. Gerhardt, “Characteristics of the Fetal Sheep Sound Environment,” Seminars in
Perinatology 13 (5), 362-370 (1989).

176. Kenneth J. Gerhardt, Robert M. Abrams, and Calvin C. Oliver, “Sound Environment of the
Fetal Sheep,” Am. J. Obstet. Gynecol. 162 (1), 282-287 (1990).

177. Xinyan Huang, Kenneth J. Gerhardt, Robert M. Abrams et al., “Temporary Threshold Shifts
Induced by Low-Pass and High-Pass Filtered Noises in Fetal Sheep In Utero,” Hearing Research
1997 (113), pp. 173-181 (1997).

178. K. A. Kuhlman, K. A. Burns, R. Depp e al., “Ultrasonic Imaging of Normal Fetal Response
to External Vibratory Acoustic Stimulation,” Am. J. Obstet. Gynecol. 158 (1), 47-51 (1988).

179. J. Kwon and R. Shandas, “Abdominal Fetal EKG Noise Removal,” Biomedical Sciences
Instrumentation 32, 87-92 (1996).

180. Sven Montan, Sabaratnam Arulkumaran, Margareta Nyman et al., “Vibro-Acoustic
Stimulation Does Not Alter the Duration of High and Low Fetal Heart Rate Variability
Episodes,” J. Perinat. Med. 20, 331-335 (1992).

181.  Sven Montan, Sabaratnam Arulkumaran, and Shan S. Ratnam, “Computerised
Cardiotocography Following Vibro-Acoustic Stimulation,” J. Perinat. Med. 20, 471-477 (1992).

182.  G. Ohel, A. Simon, Y. Beyth et al., “Intrapartum Vibroacoustic Stimulation in Cases of
Normal and Abnormal Fetal Heart Rate Patterns,” Gynecol. Obstet. Invest. 21, 1-5 (1986).

183.  @G. Ohel, E. Horowitz, N. Linder et al., “Neonatal Auditory Acuity Following In Utero
Vibratory Acoustic Stimulation,” Am. J. Obstet. Gynecol. 157 (2), 440-441 (1987).

184.  Meir Ruach, Gonen Ohel, and Nehemia Jacobi, “Fetal Bradycardia Following Vibratory
Acoustic Stimulation: A Sign of Distress?” Fetal Diagnosis Therapy 12, 167-169 (1997).

185.  Dan Peleg, Raoul Orvieto, Lea Sirota et al., “Neonatal Atrial Flutter Following Fetal Exposure
to Vibroacoustic Stimulation,” European Journal of Obstetrics & Gynecology and Reproductive
Biology 82, 1-3 (1998).

186. D.S. Richards, “The Fetal Vibroacoustic Stimulation Test: An Update,” Seminars in
Perinatology 14 (4), 305-310 (1990).

187. 3. Sasaki, Y. Nabeshima, J. Inaba et al., “Fetal Heart Rate in Monitoring During Maternal
Swimming,” Nippon Sanka Fujinka Gakkai Zasshi 45 (2), 93-98 (1993).

188. David M. Sherer, Moshe Menashe, and Eliahu Sadovsky, “Severe Fetal Bradycardia Caused
by External Vibratory Acoustic Stimulation,” Am. J. Obstet. Gynecol. 159 (2), 334-335 (1988).

189.  David M. Sherer, Jacques S. Abramowicz, Bobbi Hearn-Stebbins et al., “Sonographic
Verification of a Nuchal Cord Following a Vibratory Acoustic Stimulation-Induced Severe

62




Variable Fetal Heart Rate Deceleration with Expedient Abdominal Delivery,” American Journal
of Perinatology 8 (5), 345-346 (1991).

190. LindaJ. Pierson, Kenneth J. Gerhardt, Robert M. Abrams et al., “Effect of Impulse Noise on
the Auditory Brainstem Response of the Fetal Sheep and the Adult Ewe: Case Study,” Military
Medicine 159, 676-679 (1994).

191. Lawrence A. Crum and Yi Mao, “Acoustically Enhanced Bubble Growth at Low Frequencies
and Its Implications for Human Diver and Marine Mammal Safety,” J. Acoust. Soc. Am. 99 (5),
2898-2907 (1996).

192. Stuart Swezey, “Amok Journal: Sensurround Edition - A Compendium of Psycho-
Physiological Investigations,” (Amok Books, Los Angeles, 1995), pp. 474.

193. v.v. Yaglov, Yu. M. Demin, N. Ya. Evstafyewa et al., “Impact of Low Frequency Acoustic
Oscillations on Morphological and Functional State of the Endocrine System,” pp. 47-50 (1985).

194. R. D. Gabovich, O. L. Shutenko, L. P. Koziarin et al., “Combined Experimental Exposure to
Subsonics and a Superhigh Frequency Electromagnetic Field,” Gigiena i Sanitariia 10, 12-14
(1979).

195. G.A. Dudarev, “Recommendations and Notes for Manual RP 2.2 -013-94, 'Hygienic Criteria
in the Evaluation of Work Conditions According to Indicators of Harmfulness and Risks of
Industrial Environment Factors and Hardness and Intensity of the Work Process,” Meditsina
Truda i Promyshlennaia Ekologiia 1, 33-37 (1997).

196.  “The Effects on Human Health from Long-Term Exposures to Noise,” Committee on Hearing
Bioacoustics and Biomechanics, National Research Council, Washington, D.C. (1981).

197. T, Nurminen, “Female Noise Exposure, Shift Work, and Reproduction,” Journal of
Occupational and Environmental Medicine 37 (8), 945-950 (1995).

198. Valeriy B. Mitko, “Hydrophisic Methods of Underwater Monitoring and Effect on Bioobjects
(St. Petersburg, 2000).

199.  A.S. Nekhoroshev, “Study of Mechanisms Underlying the Effects of Low-Frequency
Acoustic Vibrations,” Meditsina Truda i Promyshlennaia Ekologiia 5, 26-30 (1998).

200. g.v, Alekseev, V. V. Glinchikov, and A. S. Nekhoroshev, “Reactive Changes in the
Myocardium on Exposure to Low-Frequency Acoustic Oscillations in the Subsonic Range,”
Kosmicheskaia Biologia 25 (1), 49-51 (1991).

201. g.v. Alekseev, E. N. Kadyskina, N. T. Svistunov et al., “Certain Biochemical Aspects of the
Mechanism of Action of Subsonic Oscillations on the Body,” Gigiena Truda i Professional Nye
Zabolevaniia 4, 21-24 (1980).

202. y.v. Iaglov, I. u. M. Demin, N. I. a. Evstafeva et al., “Effect of Low-Frequency Acoustic
Oscillations on the Morphofunctional State of the Endocrine System,” Gigiena Truda i
Professional Nye Zabolevaniia 5, 47-50 (1987).

63




203. B. Kisilevsky, “Vibroacoustic Stimulation Can Pose Risks,” Journal of Obstetric,
Gynecologic, and Neonatal Nursing 18 (6), 447-452 (1989).

204. Igor Vodyanoy, Biophysics Newsletter No. 41 (1998).

205. C. Stanley Harris, “Effects of Predictable and Unpredictable Sound on Human Performance,”
Aerospace Medical Research Laboratory, Wright Patterson Air Force Base, Ohio.

206. p. Borredon, “Reaction Physiologiques de Sujets Humains Exposes a Des Infrasons,” Report
No. 3710, Centre de Recherches de Medecine Aeronautique (1972).

207. N. Broner, “The Effects of Low Frequency Noise on People - A Review,” Journal of Sound
and Vibration 58 (4), 483-500 (1978).

208. K. Kyriakides, “A Study of Environmental Infrasound and Some Effects of Infrasound an
Task Performance,” dissertation, University of London, 1974.

209. K. Kyriakides and H. G. Leventhall, “Some Effects of Infrasound on Task Performance,” J.
Sound Vib. (1977).

210. R. A.Hood, H. G. Leventhall, and K. Kyriakides, “Some Subjective Effects of Infrasound,”
presented at the Autumn Meeting of the British Acoustical Society, 1971 (unpublished).

211. H.E. Von Gierke and C. W. Nixon, “Human Response to the Sonic Boom in the Laboratory
and the Community,” J. Acoust. Soc. Am. 51 (2), 766-789 (1972).

212.  jonathan Kay, Kimber Ghent, Brian Chumney et al., “Film Sound History: Seventies,” Web
page, Middle Tennessee State University, http://www.mtsu.edu/~smpte/se venties.html (2001).

213. M. Pawlaczyk-Luszczynska, “Evaluation of Occupational Exposure to Infrasonic Noise in
Poland,” International Journal of Occupational Medicine and Environmental Health 12 (2), 159-
176 (1999).

214. 0. Enger, P. S. Karlsen, and H. E. Sand, “Avoidance Responses to Infrasound in Downstream
Migrating European Silver Eels,” Environmental Biology of Fishes 57 (3), 327-336 (2000).

215. 0. Enger, P. S. Karlsen, and H. E. Sand, “Detection of Infrasound and Linear Acceleration in
Fishes,” Philosophical Transactions of the Royal Society of London, Series B: Biological
Sciences 355 (1401), 1295-1298 (2000).

216. A1 Pivak and A. K. Savchenko, “Complex Approach to Organization of Defense from Sea
Directions of Important State Objects from Illegal Activity of Terroristic and Other Groups,”
presented at the Actual Problems of Defense and Security, St. Petersburg, 1998 (unpublished).

217. G. 1 Afrutkin, R. K. Balian, et al., “How to Struggle with Underwater Divers,” Regional
Informatics RI-98 (1998).

218. v, B. Mit'ko, “Applications of Acoustical Fields in Underwater Antiterroristic Operations,”
presented at the New in Ecology and Safety of Life Being, St. Petersburg, 1999 (unpublished).

64




219. v.o. Samoilov, G. N. Ponomarenko, and A. A. Enin, “Low Frequency Bioacoustics,” Revers
(1994).

220. E.S. Alexeeva and V. B. Mik'ko, “Bioeffects of Acoustical Fields on the Human Nervous
System,” presented at the Weak and Very Weak Fields and Radiations in Biology and Medicine,
St. Petersburg, 1997 (unpublished).

221.  S.N.Romanov, “Biological Action of Sound and Vibration,” presented at the Paradox and
Problems of 20th Century, Leningrad, Nauka, 1991 (unpublished).

222. 5. V. Alexeevand N. A. Moszukhina, “Investigating the Effects of Infrasound on Animal and
. Human Organisms,” Hygiene of Labor and Professional Illnesses N (9), (1983).

223. B.M. Sagalovich, “Auditory Perception of Infrasound,” Leningrad, Nauka, 1988
(unpublished).

224. g v. Alexeev, E. N. Kaduskina, et al., “Some Biochemical Aspects of Infrasound Oscillations
Bioeffects on Humans,” Hygiene of Labor and Professional Illnesses N (4), (1980).

225. “Recapture Grenade Breadboard Demonstration,” PowerPoint presentation, Scientific
Applications and Research Associates, Inc. (SARA), Huntington Beach, California (2000).

226.  Alexsana Donne, “Non Lethal Swimmer Deterrent Research for DTRA,” 2001 (private
communication).

227. John F. Brandt and Harry Hollien, “Underwater Hearing Thresholds in Man,” J. Acoust. Soc.
Am. 42 (5), 966-971 (1967).

228.  paul F. Smith, “Toward a Standard for Hearing Conservation for Underwater and Hyperbaric
Environments,” The Journal of Auditory Research 25, 221-238 (1985).

229. Mm.c. Hastings, A. N. Popper, J. J. Finneran et al., “Effects of Low-Frequency Underwater
Sound on Hair Cells of the Inner Ear and Lateral Line of the Teleost Fish Astronotus Ocellatus,”
J. of Acoust. Soc. Am. 99 (3), 1759-1766 (1996).

230. M. Al-Masri, A. Martin, and J. Nedwell, “Underwater Noise Exposure and Hearing,”
Underwater Acoustics, edited by M. Weydert, Elsevier Applied Science, London, UK
(Underwater Acoustics Research Centre, Institute of Sound and Vibration Research, University
of Southampton, United Kingdom), pp. 363-366.

231. M. Al-Masri, A. Martin, and J. Nedwell, “Underwater Hearing: A Review,” ISVR Technical
Report No. 212, Institute of Sound and Vibration Research, University of Southampton (United
Kingdom), pp. i-46 (1993).

232. . Al-Masri, A. Martin, and J. Nedwell, “Underwater Hearing Thresholds and Proposed
Noise Exposure Limits,” Society for Underwater Technology: Subtech '93 31, 259-266 (1993).

233. M. Al-Masri, A. Martin, and J. Nedwell, “Underwater Hearing and Occupational Noise
Exposure Limits,” pp. 5-8.

65



234.  walter N. Wainwright, “Comparison of Hearing Thresholds in Air and in Water,” J. Acoust.
Soc. Am. 30 (11), 1025-1029 (1957).

235. 8.7, Parvin and J. R. Nedwell, “Underwater Sound Perception and the Development of an
Underwater Noise Weighting Scale,” Underwater Technology Summer, pp. 12-19 (1995).

236. S, Parvin, “Diver Hearing Data," (private communication).

237. W.E. Montague and J. F. Strickland, “Sensitivity of the Water-Immersed Ear to High- and
Low-Level Tones,” J. Acoust. Soc. Am. 33 (10), 1376-1381 (1961).

238. K. D.Kryter, The Effects of Noise on Man, 2nd ed. (Academic Press, Orlando, Florida, 1985).

239. Paul C. Kirkland, Elbert A. Pence, Robert A. Dobie et al., “Underwater Noise and the
Conservation of Divers' Hearing: A Review, Volume I,” Report No. APL-TR 8930, Applied
Physics Laboratory, University of Washington, Seattle, Washington, pp. (1989).

240. S, H. Feinstein, “Acuity of the Human Sound Localization Response Underwater,” J. Acoust.
Soc. Am. 53 (2), 393-399 (1973).

241. j. L. Stouffer, “Effect of Training on Human Underwater Sound-Localization,” J. Acoust. Soc.
Am. 57 (5), 1212-1213 (1975).

242. H. Hollien, “Underwater Sound Localization in Humans,” J. Acoust. Soc. Am. 53 (5), 1288-
1295 (1973).

243.  Robert Floyd, 2000 (private communication).
244.  «Acoustic Diver Recall Systems,” Oceanears, North Canton, Ohio, Vol. 2000 (2000).

245. «“AMRON Catalog: Underwater Recall Communication,” AMRON, Escondido, California
(2000).

246.  “Products,” Nautronix, McLean, Virginia (2001).

247. (. Brezinka, T. Lechner, and K. Stephan, “The Fetus and Noise,” Gynakologisch-
Geburtshilfliche Rundschau 37 (3), 119-129 (1997).

248. N. M. Lalande, R. Hetu, and J. Lambert, “Is Occupational Noise Exposure During Pregnancy
a Risk Factor of Damage to the Auditory System of the Fetus?” American Journal of Industrial
Medicine 10 (4), 427-435 (1986).

249.  «“Noise: A Hazard for the Fetus and Newborn,” Committee on Environmental Health,
American Academy of Pediatrics, pp. 724-727 (1997).

250. j.p. Lecanuet, B. Gautheron, A. Locatelli ez al., “What Sounds Reach Fetuses: Biological and
Nonbiological Modeling of the Transmission of Pure Tones,” Developmental Psychobiology 33
(3), 203-219 (1998).

251. M. Nyman, S. Arulkumaran, T. S. Hsu et al., “Vibroacoustic Stimulation and Intrauterine
Sound Pressure Levels,” Obstetrics and Gynecology 78 (5 pt 1), 803-806 (1991).

66




252. M. Nyman, M. Barr, and M. Westgren, “A Four Year Follow-Up of Hearing and Development
in Children Exposed In Utero to Vibro-Acoustic Stimulation,” British Journal of Obstetrics and
Gynecology 99 (8), 685-688 (1992).

253. R.O. Cook, P. S. Nawrot, and C. W. Hamm, “Effects of High-Frequency Noise on Prenatal
Development and Maternal Plasma and Uterine Catecholamine Concentrations in the CD-1
Mouse,” American Journal of Physical Anthropology 56 (1), 63-70 (1982).

254, L.Mm. Schell, “Environmental Noise and Human Prenatal Growth,” American Journal of
Physical Anthropology 56 (1), 63-70 (1981).

255. 7z Szmeja, Z. Slomko, K. Sikorski et al., “The Risk of Hearing Impairment in Children from
Mothers Exposed to Noise During Pregnancy,” International Journal of Pediatric
Otorhinolaryngology 1 (3), 221-229 (1979).

256. g, Tabacova, B. Nikiforov, L. Balabaeva et al., “Toxicological Implications of Chronic Noise
Exposure During Gestation,” Developments in Toxicology & Environmental Science 11, 545-
548 (1983).

257. P.J.Van Reempts, A. Wouters, W. De Cock e al., “Clinical Defense Response to Cold and
Noise in Preterm Neonates After Intrauterine Conditions Associated with Chronic Stress,”
American Journal of Perinatology 13 (5), 277-286 (1996).

258. B. Zondek, “Effect of Auditory Stimuli on Female Reproductive Organs,” Transactions of the
New England Obstetrical & Gynecological Society 18, 177-185 (1964).

259. Rr.c. Niemtzow, “Loud Noise and Pregnancy,” Military Medicine 158 (1), 10-12 (1993).

260. Aemil J. M. Peters, Kenneth J. Gerhardt, Robert M. Abrams et al., “Three-Dimensional
Intraabdominal Sound Pressure in Sheep Produced by Airborne Stimuli,” Am. J. Obstet.
Gynecol., pp. 1304-1315 (1993).

261. Hermann Helmholtz, On the Sensations of Tone, 1954 ed. (Dover Books, New York, 1885).

262 Dan Gifford, William Gazecki, and Michael McNulty, “Waco: The Rules of Engagement
(Fifth Estate Productions, Los Angeles, 1997).

263. ] ee Hancock and David J ackson, “Siege Tactics Weighed by FBI Detailed,” Dallas Morning
News (Dallas, Texas, 2001).

264.  Alan Stone, M.D., “Report and Recommendations Concerning the Handling of Incidents Such
As the Branch Davidian Standoff in Waco, Texas,” Web page,
http://www.waco93.com/stonerpt.html (1993).

265. “pink Lighting and Bing Crosby,” Web page, Australian Broadcasting Corporation,
http://www.abc.net.au/am/stories/s34414.htm (1999).

266. Ben Sharp, Eric Stusnick, and Costa Glaretas, “Development of a Sonic Security System,”
Wyle Laboratories, Arlington, Virginia (1995).

267.  “Pingers: Alarms or Dinner Bells?” Science 284, 1115 (1999).

67



268. George Iwama, Linda Nichol, and John Ford, “Salmon Aquaculture Review: Volume 3, Part
E,” University of British Columbia, Vancouver, Canada (2001).

269. B.R. Mate, R. F. Brown, C. F. Greenlaw et al., “An Acoustic Harassment Technique to
Reduce Seal Predation on Salmon,” in Acoustical Deterrents in Marine Mammal Conflicts with
Fisheries, edited by B. R. Mate and J. T. Harvey (Oregon State University, Corvallis, Oregon,
1987), pp. 23-36.

270.  A. Rivinus, “Oregon Aquafood's Experience with a Seal Avoidance System,” in Acoustical
Deterrents in Marine Mammal Conflicts with Fisheries, edited by B. R. Mate and J. T. Harvey
(Oregon State University, Corvallis, Oregon, 1987), pp. 79-80.

271. H.Rueggeberg and J. A. Booth, “ “Interactions Between Wildlife and Salmon Farms in
British Columbia: Results of a Survey,” Technical Report Ser. 67, Can. Wildlife Service, Pacific
and Yukon Region, Canada, p. 74 (1989).

272. D. Tillapaugh, C. Brenton, and B. Harrower, “Predation on Salmon Farms in British Columbia
- the Impacts of Harbor Seals,” resuits of a 1991 survey, Ministry of Agriculture, Fisheries, and
Food, British Columbia, Canada (1994).

273. D.R. Haller and D. D. Lemon, “Acoustic Source Levels of Airmar and PRA Seal-Scarers,”
Report No. XSA, Department of Fisheries and Oceans, (1994).

274. R.R. Reeves, R. J. Hoffman, G. K. Silber et al., Proceedings from a workshop held 20-22
March 1996, NOAA Memorandum NMFS-OPR-10, National Oceanic and Atmospheric
Administration, Washington, D.C. (1996).

275. M. Fraker, “Interactions Between Salmon Farms and Marine Mammals and Other Species,” B.
C. Salmon Farmers Association, British Columbia, Canada, p. 25 (1996).

276. W.J. Richardson, C. R. Greene, C. I. Malme et al., “Effects of Noise on Marine Mammals,”
OCS Study MMS 90-0093, LGL Ecological Research Associates, Inc., for U.S. Minerals
Management Service, Herndon, Virginia (1991).

277. P.F. Olesiuk, L. M. Nichol, P. J. Sowden et al., “Effect of Sounds Generated by an Acoustic
Deterrent Device on the Abundance and Distribution of Harbour Porpoises (Phocoena phocoena)
in Retreat Passage, British Columbia,” manuscript, Department of Fisheries and Oceans, Pacific

Biological Station, Nanaimo, Canada (1995).
278. “Corporate Profile,” Pulsed Power Technologies, Inc., Vol. 2001 (1997).

279. Ed Zieralski, “Won't Know What Hit 'Em,” The San Diego Union-Tribune (San Diego, 1998),
p- C-10.

280. «SAC Update,” Sport fishing Association of California, Vol. 2001 (2000).

281. W. J. Richardson, Jr., C. R. Greene, C. I. Malme et al., Marine Mammals and Noise
(Academic Press, New York, 1995).

68




282. W.L.N yborg, “Mechanisms for Effects of LF Sonar,” presented at the Naval Submarine
Medical Research Laboratory Underwater Sound Conference, Naval Submarine Base, Groton,
Connecticut, 1995, (uppublished).

283. L. A.Crum and Y. Mao, “Calculations of the Thresholds for Growth and the Growth Rate of
Bubbles in Mammalian Tissues from Exposure to Low Frequency Sound,” Report No. C-193,
Applied Physics Laboratory, Seattle, Washington (1993).

284. A.C ackson, “Computer Model Predictions of Resonance Phenomena in Human and Rat
Lungs Exposed to Pressure Oscillations on the Chest Wall," Naval Submarine Medical Research
Laboratory, Groton, Connecticut (1998).

285. W. A. Gerth and E. D. Thalmann, “Vascular Effects of Underwater Low Frequency Sound in
Immersed Individuals,” Naval Submarine Medical Research Laboratory, Groton, Connecticut
(1998).

286. c.. Stevens, K. L. Russell, M. E. Knafelc ez al., “Noise Induced Neurologic Disturbances in
Divers Exposed to Intense Water-Borne Sound: Two Case Reports,” Undersea and Hyperbaric
Medical Society, Inc. (1999).

287. R.D. Shaun, FRACP; Watson; G. Michael Halmagyi, M.D., FRACP; and James G.
Colebatch, Ph.D., FRACP; “Vestibular Hypersensitivity to Sound (Tullio Phenomenon);
Structural and Functional Assessment,” Neurology 54 (3), (2000).

288. KlausG. Rottach, Regina D. von Maydell, Alfred O. DiScenna et al., “Quantitative
Measurements of Eye Movements in a Patient with Tullio Phenomenon,” Journal of Vestibular
Research 6 (4), 255-259 (1996).

289. K. Martinik and L. Opltova, “Human Nonspecific Response to Sound Stimulation,” Journal of
Hygiene, Epidemiology, Microbiology, & Immunology 30 (2), 139-144 (1986).

290. R .M. Eisenberg, “Sound Vibration, a Non-Invasive Stress: Antagonism by Diazepam,”
Psychopharmacology 110 (4), 467-470 (1993).

291. R.M. Alles and A. Pye, “Cochlear Damage in Guinea Pigs Following Contra lateral Sound
Stimulation with and Without Gentamicin,” British Journal of Audiology 27 (3), 183-193 (1993).

292. Wayne S. Quirk, John K. M. Coleman, J. M. Hanesworth ef al., “Noise-Induced Elevations of
Plasma Endothelin (ET-3),” Hearing Research 80, 119-122 (1994).

293. Carl L. Faingold and Awais Riaz, “Ethanol Withdrawal Induces Increased Firing in Inferior
Colliculus Neurons Associated with Audiogenic Seizure Susceptibility,” Experimental
Neurology 132, 91-98 (1995).

294. A.G. Chapman, N. Durmuller, B. L. Harrison e al., “Anticonvulsant Activity of a Novel
NMDA/Glycine Site Antagonist, MDK 104,653, Against Kindled and Sound-Induced Seizures,”
European Journal of Pharmacology 274 (1-3), 83-88 (1995).

69



295.  A. Florentino, A. Castro, and J. A. Fuentes, “High Blood Pressure Induced by Audiovisual
Stimulation in Young Rats: Effect of Antihypertensive Agents,” Clin. and Hyper. -Theory and
Practice A10 (5), 873-885 (1988).

296. (. S.Chen and G. C. Aberdeen, “Potentiation of Acoustic-Trauma-Induced Audiogenic
Seizure Susceptibility by Salicylates in Mice,” Experientia 36 (3), 330-331 (1980).

297. R.R. Pearson, “Acoustic Energy Underwater: Effects On Divers,” Institute of Naval
Medicine, Alverstoke, Gosport, Hants (United Kingdom), pp. 49-53 (1981).

298. Dalton A. West, “Anti Diver Deterrent Integrator,” Sea Search, Annandale, Virginia (1992).

299. M. L. Fackler and C. E. Peters, “Ascribing Local, Regional, and Distant Injuries to the Sonic
Pressure Wave,” Journal of Trauma-Injury Infection & Critical Care 29 (10), 1455 (1989).

300. s. Parvin, “Exposure of Divers to Underwater Sound in the Frequency Range from 800-2250
Hz,” presented at the Undersea Hyperbaric Medicine Society, San Antonio, Texas, 2001
(unpublished).

301. A, C.Jackson, B. Suki, and R. H. Habib, “Effects of Low Frequency (f <300 Hz) Waterborne
Sound on the Lungs: Wave Propagation in the Airways,” presented at the Naval Submarine
Medical Research Laboratory Underwater Sound Conference, Naval Submarine Base, Groton,
Connecticut, 1995 (unpublished).

302. M. Minneart, “On Musical Air Bubbles and the Sounds of Running Water,” Phil. Mag. N16,
235-248 (1933).

303. 1.R.B.Duykers and J. L. Percy, “Lung Resonance Characteristics of Submerged Mammals,”
J. Acoust Soc. Am. 64 (S), 97 (1978).

304. s. A.Goss, R. L. Johnston, and F. Dunn, “Comprehensive Compilation of Empirical
Ultrasonic Properties of Mammalian Tissues,” J. Acoust. Soc. Am. 64, 432-457 (1978).

305. J. Christensen-Dalsgaard and A. Elepfandt, “Biophysics of Underwater Hearing in the Clawed
Frog, Xenopus Laevis,” Journal of Comparative Physiology A - Sensory, Neural & Behavioral
Physiology 176 (3), 317-324 (1995).

306. W.W.L. Au, P. E. Nachtigall, and J. L. Pawloski, “Temporary Threshold Shift in Hearing
Induced by an Octave Band of Continuous Noise in the Bottlenose Dolphin,” J. Acoust. Soc. Am.
106, 2251(A) (1999).

307. J.J. Finneran, C. E. Schlundt, D. A. Carder et al, “Auditory and Behavioral Responses of
Bottlenose Dolphins (Tursiops truncatus) and White Whales (Delphinapterus leucas) to
Impulsive Sounds Resembling Distant Signatures of Underwater Explosions,” J. Acoust. Soc.
Am. 108, 417-431 (2000).

308. . H.Ridgway, D. A. Carder, R.R. Smith ez al., Title, Technical Report, SPAWARSYSCEN,
San Diego, California (1997).

309. C.E.Schlundt, J. J. Finneran, D. A. Carder et al., “Temporary Shift in Masked Hearing
Thresholds (MTTS) of Bottlenose Dolphins, Tursiops truncatus, and White Whales,

70




Delphinapterus leucas, After Exposure to Intense Tones,” J. Acoust. Soc. Am. 107 (6), 3496-
3508 (2000).

310. D, E. Parker, R. L. Tubbs, and V. M. Littlefield, “Visual-Field Displacements in Human
Beings Evoked by Acoustical Transients,” J. Acoust. Soc. Am., 63 (6), 1912-1918 (1978).

311. Fred H. Previc, “Do the Organs of the Labyrinth Differentially Influence the Sympathetic and
Parasympathetic Systems?” Neuroscience and Biobehavioral Reviews, 17, 397-494 (1993).

312.  H. Ishizaki, I. Pyykko, H. Aalto et al., “Tullio Phenomenon and Postural Stability:
Experimental Study in Normal Subjects and Patients with Vertigo,” Ann. Otol. Rhinol. Laryngol.
100 (12), 976-983 (1991).

313. B.T.Hartman, “An Exploratory Study of The Effects of Disco Music on the Auditory and
Vestibular Systems,” Journal of Auditory Research, 22 (4), 271-4 (1982).

314. w. McNary, “Harbor Subsurface Protection System,” Lockheed Martin Sanders, Syracuse,
New York (1999).

315. «A Non-Lethal Swimmer Deterrent System for Port Security,” proposal, Weidlinger
Associates, Ltd., New York (2000).

316. Shirley Thompson, Sanford Fidell, and Barbara G. Tabachnick, “Feasibility of Epidemiologic
Research on Nonauditory Health Effects of Residential Aircraft Noise Exposure, Volume 1,”
BBN Systems and Technologies Corporation, Canoga Park, California, pp. i-26 (1989).

317. Shirley Thompson, Sanford Fidell, and Barbara G. Tabachnick, “Feasibility of Epidemiologic
Research on Nonauditory Health Effects of Residential Aircraft Noise Exposure, Volume II,”
BBN Systems and Technologies Corporation, Canoga Park, California, pp. i-272 (1989).

318. Shirley Thompson, Sanford Fidell, and Barbara G. Tabachnick, “Feasibility of Epidemiologic
Research on Nonauditory Health Effects of Residential Aircraft Noise Exposure, Volume III,”
BBN Systems and Technologies Corporation, Canoga Park, California, pp. i-254 (1989).

319. Jerry V. Tobias, Gerd Jansen, and W. Dixon Ward, “Noise as a Public Health Problem, (The
American Speech-Language-Hearing Association, Rockville, Maryland, 1978), pp. 715.

320.  p.D. Schomer, L. M. Little, and A. B. Hunt, “Acoustic Directivity Patterns for Army
Weapons,” Construction Engineering Research Laboratory, U.S. Army Corps of Engineers (N-
60), p. 129 (1979).

321.  Paul D. Schomer, “Acoustic Directivity Patterns for Army Weapons: Supplement 1,”
Construction Engineering Research Laboratory, U.S. Army Corps of Engineers (N-60), p. 26
(1982).

322. Jeffrey Goldstein, “Noise Hazard Evaluation Sound Level Data on Noise Sources,” Army
Environmental Hygiene Agency, Aberdeen Proving Ground, Maryland, pp. i-57 (1975).

323.  G.Richard Price, “Animal Models in Impulse Noise Research,” Technical Note 9-88, U.S.
Army Human Engineering Laboratory, Aberdeen Proving Ground, Maryland, pp. i-16 (1988).

71



324. G. Richard Price, “Hazard from Intense Low-Frequency Acoustic Impulses,” J. Acoust. Soc.
Am. 80 (4), 1076-1086 (1986).

325. H. Rauchegger and H. Spoendlin, “Damage of the Basilar Membrane by Acoustic
Stimulation,” Archive of Oto-Rhino-Laryngology, 232 (2), pp. 117-122 (1981).

326. Alexander R. Bisdorff, Adolfo M. Bronstein, and Michael A. Gresty, “Responses in Neck and
Facial Muscles to Sudden Free Fall and a Startling Auditory Stimulus,” Electroencephalography
and Clinical Neurology 93, 409-416 (1994).

327. Richard I. Thackray, Mark Touchstone, and Joe P. Bailey, “Reactions to Sonic Booms: A
Report of Two Studies and a General Evaluation of Startle Effects,” Aviation, Space, and
Environmental Medicine 46 (4), 369-376 (1975).

328. B. Canlon, “Protection Against Noise Trauma by Sound Conditioning,” Ear, Nose, & Throat
Journal 76 (4), 248-255 (1997).

329. K.D.Kryter, “Extra-Auditory Effects of Noise,” Effects of Noise on Hearing, edited by D.
Henderson et al. (Raven Press, New York, 1976).

330. p. Brown, J. C. Rothwell, P. D. Thomson et al., “New Observations on the Normal Auditory
Startle Reflex in Man,” Brain 1991 (114), 1891-1902 (1991).

331.  Margaret M. Bradley, Peter J. Lang, and Bruce N. Cuthbert, “Emotion, Novelty, and the
Startle Reflex: Habituation in Humans,” Behavioral Neuroscience 107 (6), 970-980 (1993).

332.  Scott P. Orr, Natash B. Lasko, Linda J. Metzger et al., “Physiologic Responses to Non-
Startling Tones in Vietnam Veterans with Post-Traumatic Stress Disorder,” Psychiatry Research

73, 103-107 (1997).

333. 0. Topaz, A. Castellanos, L. R. Grobman et al., “The Role of Arrhythmogenic Auditory
Stimuli in Sudden Cardiac Death,” American Heart Journal 116 (1, Pt. 1), 222-226 (1988).

334.  Arthur J. Moss, Jennifer L. Robinson, Laura Gessman et al., “Comparison of Clinical and
Genetic Variables of Cardiac Events Associated with Loud Noise Versus Swimming Among
Subjects with the Long QT Syndrome,” The American Journal of Cardiology, 84, 876-879

(1999).

335.  John Busic, “Spark Gap Source Test Trip Report,” memorandum for the record, Joint Non-
Lethal Weapons Directorate (1997).

336. “Taking and Importing Marine Mammals: Taking Mammals Incidental to Naval Activities,”
National Oceanic and Atmospheric Administration, Federal Register 66 (87), 22450-22467
(2001).

337.  James H. Stuhmiller, “Modeling of the Non-Auditory Response to Blast Overpressure,” U.S.
Army Medical Research and Development Command, Frederick, Maryland (1990).

338. E.R.Fletcher, J. R. Yelverton, and D. R Richmond, “The Thoraco-Abdominal System's
Response to Underwater Blast,” Inhalation Toxicology Research Institute, Lovelace Foundation
for Medical Education and Research, Albuquerque, New Mexico, 1976.

72




339. Larry Mellenbruch, “Experiences in Vietnam Testing Swimmer Detection Doppler Sonar,”
1996 (private communication).

340.  “Djscussions Regarding Wesmar WEB Installation in Sri Lanka,” Wesmar, 1999 (private
communication).

341. Robert L. Rogers, James C. Espinosa, David L. Fisher ef al., “Plasma Sound Source Basic
Research,” Technical Report No. ARL-TR-99-2, Applied Research Laboratories, The University
of Texas at Austin, p. 102 (1999).

342. Robert L. Rogers, “Intermediate Energy Tests and Analysis of a Plasma Sound Source,”
Technical Report No. ARL-TR-92-15, Applied Research Laboratories, The University of Texas
at Austin, pp. 1-85 (1992).

343. effrey A. Cook, Austin M. Gleeson, Randy M. Roberts ef al., “A Spark-Generated Bubble
Model with Semi-Empirical Mass Transport,” J. Acoust. Soc. Am. 101 (4), 1908-1920 (1997).

344.  Robert Rogers and Steve Lacker, “Development and Demonstration of a Plasma Sound
Source for a Bistatic Sonar System,” Group Report No. GR-AS-00-04, Advanced Technology
Laboratory, Applied Research Laboratories, The University of Texas at Austin (2000).

345. Robert L. Rogers and Stephen G. Lacker, “Demonstration of Electrode Clusters for Improved
Efficiency of an Underwater Plasma Sound Source in the Gulf of Mexico,” Technical Report No.
ARL-TR-97-4, Applied Research Laboratories, The University of Texas at Austin, pp. 1-77
(1997).

346.  “Technology Against Terrorism: Structuring Security,” Report No. OTA-ISC-511, Office of
Technology Assessment, U.S. Congress, U.S. Government Printing Office, Washington, D.C.
(1992).

347. James Piper and Robert Rogers, “Discussions Regarding ARL: UT Dive Team and Plasma
Sound Source,” 2000 (private communication).

348. “Pentagon's Latest Weapon: A Pain Beam,” Web page, CNN,
http://www.cnn.com/2001/TECH/science/03/02/new.weapon.02/ (2001).

349.  “Microwave Weapon Unveiled; Burning Pain to Control Crowds,” Web page, Microwave
News, http://www.microwavenews.com/microwaveweapon.html (2001).

350. R. Sandyk, “Application of Weak Electromagnetic Fields Facilitates Sensory-Motor
Integration in Patients with Multiple Sclerosis,” International Journal of Neuroscience, 85 (1-2),
101-110 (1996).

351.  AsherR. Sheppard and Merril Eisenbud, Biological Effects of Electric and Magnetic Fields of
Extremely Low Frequency (New York University Press, New York, 1977).

352.  Keith Lent, “Magnetic Field Reversal to Confuse Diver Threat,” Applied Research
Laboratories, The University of Texas at Austin, 2001 (engineering notes).

353.  “DRS-100B Diver Recall System,” Ocean Technology Systems, Costa Mesa, California, Vol.
2000 (2000). :

73



354.  “Method for Measuring the Intelligibility of Speech over Communication Systems,” ANSI
Standard Report No. $3.2-1989, Acoustical Society of America, New York (1995).

355. “A Proposal to Expand HYDROFIST: A Non-Explosive Means for Generating Intense and
Focused Underwater Shockwaves,” Web page, BBN Technologies,
http://www.ceros.org/pressreleases/00press.html (2001).

356. “SPARKTEC Environmental, Inc.,” Web page, Pulsed Power Technologies, Inc. (Sparktec
Environmental, Inc.), http://www.sparktec.com (2001).

74




Form Approved
OMB No. 0704-01-0188

e lime for reviewing Instructions, searching existing data sources, gatnenng
and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden to Department of Defense, Washington Headquarters Services Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Adington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
05-2002 Final
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
NON-LETHAL SWIMMER NEUTRALIZATION STUDY N00039-96-D-0051
Sb. GRANT NUMBER
5c. PROGRAM ELEMENT NUMBER
0603228D
[6- AUTHORS 5d. PROJECT NUMBER
Karl W. Rehn Penny K. Riggs
Applied Research Laboratories G2 Software Systems, Inc. 5e. TASK NUMBER
The University of Texas at Austin San Diego
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Applied Research Laboratories G2 Software Systems, Inc. REPORT NUMBER
The University of Texas at Austin 4250 Pacific Highway, Suite 109 TD 3138
P.O. Box 8029 San Diego, CA 92110
Austin, TX 78713-8029
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Space and Naval Warfare Systems Center, San Diego SSC San Diego
San Diego, CA 92152-5001 11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
This is the work of the United States Government and therefore is not copyrighted. This work may be copied and disseminated
without restriction. Many SSC San Diego public release documents are available in electronic format at:

htg://www.sgawar.navz.miVsti/gub]ications/gubs/index.html

14. ABSTRACT

The Applied Research Laboratories, The University of Texas at Austin (ARL: UT) was tasked to study the means and equipment
for non-lethal methods to deter swimmers and scuba divers from restricted areas. This work included identification and evaluation
of existing technologies, as well as review of research in security, acoustics, biology, and other fields. Various technologies have
been developed as non-lethal weapons for law enforcement, but most of them are not suitable for deterring swimmers and scuba
divers, because they are not designed for subsurface use. These existing technologies, as well as equipment currently used for
diver deterrence and communication, were evaluated in this study.

15. SUBJECT TERMS
Mission Area: Ocean Surveillance

swimmer deterrent waterfront security
sparkgap sound sources
16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF  [18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT| c. THIS PAGE | ABSTRACT OF Edward J. Baxter, Jr.
PAGES
19B. TELEPHONE NUMBER (Include area code)
Y U U Uy 88 (619) 553-6697

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18



20012
20271
20274
2027
20271
237

INITIAL DISTRIBUTION

Patent Counsel
Archive/Stock
Library

M. E. Cathcart
E. R. Ratliff
E. Baxter

Defense Technical Information Center
Fort Belvoir, VA 22060-6218

ey
(D
)
()
(1)
(14)




The views and conclusions contained in this report are those
of the contractors and should not be interpreted as
representing the official policies, either expressed or implied,
of SSC San Diego or the U.S. Government.

Approved for public release; distribution-is unlimited.

SSC San Diego
San Diego, CA 92152-5001




